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THE  EXPERIMENT  OF  THE  SINGLE  INTERACTION  POINT  SCHEME  IN 

BEPC 

X.  Luo.  N.  Huang,  F.  Zhou,  IHEP,  CHINA 


Abstract 

In  order  to  increase  the  luminosity  of  Beijing  Electron- 
Positron  Collider  (BEPC),  the  single  interaction  point 
(SIP)  schemes  were  adopted.  Then  the  electron  and 
positron  beams  were  separated  at  the  north  IP  and 
collided  at  the  south  IP.  Some  experiments  were  done 
during  these  years.  The  results  are  given  in  the  paper. 

1  INTRODUCTION 

There  are  two  interaction  points  in  the  storage  ring  of 
BEPC.  Only  one  detector  BES  (BEijing  Spectrometer) 
has  been  used  at  the  south  IP  since  BEPC  was  built  [1]. 
The  higher  luminosity  is  needed  so  that  BES  can  acquire 
data  efficiently.  One  of  way  to  increase  the  luminosity  is 
to  adopt  SEP  collision  scheme.  As  the  beam  current 
already  reached  the  limit  by  the  beam-beam  interaction 
for  the  double  IPs  (DIP)  scheme,  reducing  the  number  of 
the  IP  is  one  of  the  way  to  increase  the  beam  current. 
Then  the  luminosity  can  be  enhanced.  Some  experiments 
were  done  with  several  kinds  of  SIP  schemes  during  these 
years.  The  current  and  luminosity  were  increased 
compared  with  DIP  scheme  in  1998. 

2  SIP  SCHEMES 

Several  SIP  schemes  were  used  according  to  the  different 
hardware  and  the  lattices  of  the  BEPC  storage  ring.  But 
we  couldn’t  try  each  of  them  in  detail  as  there  was  no 
enough  time  for  the  machine  study  of  the  SIP  schemes. 
Two  typical  modes  were  used. 

2.1  SIP  scheme  with  the  original  lattice 

The  vertical  phase  advance  between  the  two  close 
separators  (SP)  is  not  7t  degree  in  the  DIP  lattice,  and 
there  is  no  space  or  independent  power  supplies  of  the 
quadrupoles  to  change  them  to  n.  This  produces  a  small 
separation  between  electron  and  positron  beams  at  the 
south  IP  after  turning  off  the  south  SP.  So  the  south  SP 
must  be  given  a  little  value  in  order  to  make  electron  and 
positron  beams  collide  exactly  at  the  south  IP.  The  two 
auxiliary  power  supplies  of  SP  were  installed  in  the  BEPC 
storage  ring  in  1993.  Some  experiments  were  done  with 
adjusting  the  two  auxiliary  power  supplies  in  the  year.  We 
got  some  good  results  [2].  But  the  luminosity  was  less 
than  that  of  DIP.  And  the  beam  current  was  not  increased 
compared  with  the  DIP  scheme. 

During  the  beam  collision,  the  coherent  oscillation  was 
observed  from  the  synchrotron  radiation  monitor.  This  is 
because  there  was  a  large  closed  orbit  distortion  (COD)  in 


the  whole  ring.  The  electron  and  positron  beams  passed 
different  orbits  in  the  ring.  And  there  was  a  large  COD  in 
RF  cavities  and  other  magnets.  The  nonlinear  effects  gave 
rise  some  instabilities  to  the  beams.  So  it  is  better  to  make 
the  COD  outside  the  north  two  SP  eliminate. 

2.2  Lattice  modification 

The  BEPC  storage  ring  is  4-fold  symmetric.  Normally 
one  power  supply  should  control  four  quadrupoles.  It  is 
impossible  to  change  the  vertical  phase  advance  between 
the  two  SP  to  n.  In  the  luminosity  upgrade  project  of 
BEPC,  four  power  supplies  of  the  insertion  qradrupoles 
were  prepared  in  order  to  adopt  mini-P  scheme.  We  used 
these  four  power  supplies  to  calculate  the  lattice  again  so 
that  the  vertical  phase  advance  between  the  north  two  SP 
was  k.  Then  after  turning  off  the  south  SP,  the  COD 
outside  the  north  SP  is  zero.  So  the  beams  should  be 
stable.  Figure  1  shows  the  COD  in  which  the  north  SP 
was  on  and  the  south  SP  was  off. 


Figure  1:  COD  of  the  SIP  scheme 


Of  course,  the  power  supplies  of  the  north  SP  can  be 
used  to  adjust  the  colliding  angle  (Y’s  )  between  the 
electron  and  positron  beams  in  order  to  realize  head-on 
collision. 


2  sin  7tv 


0) 


0^,,  0^,  express  the  bending  angle  by  the  two  north  SP, 
Pspn>  P*ys  the  p-function  of  the  north  SP  and  the  south  IP. 
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We  calculated  the  two  kinds  of  lattices  with  adding  the 
four  power  supplies.  The  emittances  were  kept  nearly 
unchanged: 

1.  We  modified  the  DIP  lattice  so  that  the  optics 
parameters  outside  the  north  SP  were  same  as  DIP. 
But  the  vertical  phase  advance  between  the  north  SP 
was  it.  So  the  tunes  were  changed  lot  which  were 
just  above  integer  and  half  integer  for  the  horizontal 
and  vertical  ones  respectively,  vx/vy  =  6.12/6.60; 

2.  The  tunes  were  nearly  same  as  that  of  DIP,  vjvy  = 
5.58/6.70.  But  the  parameters  in  the  whole  ring  were 
quite  different  from  that  of  DIP.  The  coupling 
correction  is  not  same  either. 

3  RESULTS  OF  THE  EXPERIMENTS 

We  mainly  studied  the  first  SIP  scheme  that  was  easy  to 
be  operated  as  the  most  of  part  of  the  ring  is  same  as  DIP. 
Table  1  gives  the  parameters  of  the  SIP  and  DIP  schemes. 


Table  1:  Parameters  of  SIP  (1)  and  DIP  lattices 


SIP(l) 

DIP 

Energy 

1.548  GeV 

1.548  GeV 

South  P.,’ 

0.05  m 

0.05  m 

North  P„* 

5  m 

0.05  m 

v7v„ 

6.12/6.60 

5.79/6.78 

Phase  advance 
of  north  SP 

±0.250x27t 

±0.267x27t 

Some  good  results  were  gained  in  the  first  half  of  1998. 
Figure  2  shows  the  luminosity  comparison  between  the 
DIP  and  SIP. 


Lmm.  «.  Bt««  Current  (B,*  ML5c*,  ].5ttG«V) 


S  7  9  11  13  15  17  19  21  23  25 

K«A) 


The  maximum  current  was  49.3  mA,  and  the  peak 
luminosity  was  4.4x10“  cm'V.  At  that  time,  the 
maximum  current  and  the  peak  luminosity  of  DIP  scheme 
were  39.5  mA  and  3.6x10“  cm'V  respectively.  So  both 
the  beam  current  and  the  luminosity  were  increased 
significantly  with  the  SIP  scheme.  From  the  detector  of 
BES,  the  hadron  events  were  enhanced  obviously.  This 
will  be  benefit  for  the  BES  to  take  data  efficiently. 

4  BETA-FUNCTION  AT  IP 

The  nominated  ^-function  at  the  south  IP  (Py*)  of  SIP 
scheme  is  7  cm  instead  of  5  cm  which  was  used  in  the 
DIP  lattice.  We  measured  the  py’  of  SIP  with  colliding 
beams.  The  value  was  less  than  7  cm.  According  to  the 
linear  theory,  the  beta  function  should  be  changed  as  the 
equation  2: 

P'yo  sinvy0  =  j 8*  sin(  v y0  +  Av  )  (2) 

Here  P'^  is  the  undisturbed  vertical  beta  function  at  the 
south  IP,  vy  the  vertical  tune,  Av  the  vertical  tune  shift. 

We  choose  Av=0.035,  then  the  calculated  beta  function 
Py’  =  5.4  cm.  So  the  operation  Py*  was  reduced  because 
the  tunes  were  just  above  the  integer  and  half  integer 
which  were  quite  different  from  the  DIP  scheme. 

We  tried  to  reduce  the  Py‘  to  5  cm,  but  it’s  difficult  to 
get  high  current.  The  maximum  one  was  about  22  mA. 
We  need  time  to  enlarge  it. 

For  the  second  kind  of  SIP  scheme,  the  parameters  are 
shown  in  the  table  2. 


Table  2:  Parameters  of  SIP  (2)  and  DIP  lattices 


SIP  (2) 

DIP 

Energy 

1.548  GeV 

1.548  GeV 

South  P,.“ 

0.05  m 

0.05  m 

north  P.  * 

4  m 

0.05  m 

v./v„ 

5.57/6.70 

5.79/6.78 

Phase  advance 
of  north  SP 

±0.250x27t 

±0.267x2ti 

The  maximum  current  was  about  33  mA  at  Py*  =  5  cm. 
The  disturbed  beta  function  was  about  5.4  cm  with  the 
equation  2.  But  the  luminosity  reduced  lot.  The  reason  is 
not  clear  now.  We  also  need  time  to  improve  it. 


Figure  2:  Luminosity  comparison  between  the  DIP  and 
SIP  schemes 
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5  COMPARISON  OF  BEAM-BEAM 
EFFECT  VERSUS  BEAM  CURRENT 

Figure  3  and  figure  4  show  the  comparison  of  the 
luminosity  and  beam-beam  effect  (^)  vs.  beam  currents  at 
Py’  =8.5  cm. 


Urn.  **  **■«*«••  iA«KSrn 


MmM 


Figure  3:  Comparison  of  the  luminosity  vs.  beam  currents 
at  P*'  =8.5  cm 


t ,  *v  Imm  Cater*  (B,’  >4LV»«,  UtMOV) 


Figure  4:  Comparison  of  the  beam-beam  effects  (^,)  vs. 
beam  currents  at  Py*  =8.5  cm 

From  the  figure  3  and  figure  4,  we  can  see  the 
luminosity  and  ^  of  SIP  was  increased  about  50% 
compared  with  DIP  at  the  same  currents. 

Figure  2  and  figure  5  show  the  comparison  of  the 
luminosity  and  ^  vs.  beam  currents  at  Py*  =7  cm  for  SIP 
scheme  and  DIP  scheme  at  Py*  =8.5  and  5  cm. 

It  is  obviously  that  the  luminosity  and  ^  were 
increased  with  the  SIP  scheme.  This  is  reason  why  we  try 
to  use  the  SIP  scheme  in  the  BEPC  storage  ring.  Of 
course,  the  background  will  be  studied  carefully. 


if  ««.  (Won  Own*  O-MKUV) 


i  i  i  -  E 

. ? - r - \ - f 
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Figure  5:  Comparison  of  the  ^  vs.  beam  current 

It  took  us  about  15  days  to  adjust  the  SIP  scheme  in 
1998.  The  time  was  too  short  to  do  more  detail  study  as 
the  most  of  beam  time  were  used  for  BES  and  the 
synchrotron  radiation  facility. 

There  are  still  many  problems  for  the  SIP  schemes. 
When  the  beam  current  was  increased  more,  such  as 
larger  than  50  mA,  the  beam  blow-up  always  happened. 
Sometimes  changing  the  coupling  or  the  chromaticity 
could  eliminate  the  blow-up.  But  it  is  not  always  useful. 
For  the  next  step,  we  shall  spend  more  time  to  adjust  the 
tunes,  closed  orbit  and  other  parameters  carefully  in  order 
to  enhance  the  luminosity  further. 

We  would  like  to  thank  all  persons  of  the  accelerator 
physics  group.  They  gave  many  good  suggestions  and 
contributed  lot  during  the  commissioning  of  the  SIP 
scheme.  We  also  acknowledge  the  support  by  the 
hardware  group. 
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DETECTION  OF  COUPLING  ELEMENTS  IN  CESR* 


D.  Sagan 

Wilson  Laboratory,  Cornell  University,  Ithaca  NY,  14853,  USA 


Abstract 

At  the  Cornell  Electron/positron  Storage  Ring  CESR,  the 
measurement  of  the  coupling  between  the  horizontal  and 
vertical  beam  motions  has  led  to  the  ability  to  locate  the 
position  of  a  coupler  and  to  calculate  its  strength.  Once  the 
identity  of  a  coupler  is  known,  steps  can  be  taken  to  remove 
it  or  to  nullify  its  effect.  This  coupling  analysis  can  also  be 
used  to  calibrate  correction  skew  quadrupoles. 

1  INTRODUCTION 

In  a  storage  ring,  the  presence  of  couplers,  which  couple 
the  horizontal  and  vertical  motions  of  a  beam,  can  lead 
to  an  increase  in  the  vertical  beam  size  with  an  attendant 
loss  in  luminosity[l].  In  order  to  be  able  to  keep  the  cou¬ 
pling  under  control,  a  technique  for  measuring  the  coupling 
has  been  developed  at  the  Cornell  Electron/positron  Stor¬ 
age  Ring  CESR[2],  This  involves  shaking  the  beam  at  the 
betatron  resonant  frequencies  and  measuring  the  response 
at  the  100  dr  so  detectors  in  the  ring.  In  order  to  be  able  to 
find  unwanted  sources  of  coupling,  an  analysis  program  has 
been  developed  that  can  locate  isolated  coupling  elements. 
This  analysis  is  presented  below[3]  and  is  analogous  to  the 
technique  of  using  orbit  data  to  find  isolated  steering  kicks. 
As  an  added  benefit,  the  analysis  can  also  be  used  to  cali¬ 
brate  the  strength  of  skew  quadrupoles. 

2  ANALYSIS 

2.1  How  the  Coupling  is  Defined 

Any  longitudinal  oscillations  are  ignored  and,  following 
Sagan  and  Rubin[4],  the  4  x  4  1-tum  transfer  matrix  T(s) 
is  written  in  normal  mode  form 

T  =  VUV1,  (1) 


C(s)  is  a  measure  of  the  coupling;  if  C  =  0  then  V  =  1 
and  T  is  decoupled.  Instead  of  working  with  C,  though,  it 
is  convenient  to  work  with  the  normalized  matrix  C  given 
by  _ 

C  =  G„CGj1,  (5) 

where  Ga  and  G&  are  normalization  matrices  for  the  a  and 
b  normal  modes  respectively  given  by 


G  = 


(6) 


At  CESR,  C  is  measured  by  observing  the  horizontal 
and  vertical  oscillation  of  the  beam  at  the  detectors  in  the 
ring  while  shaking  the  beam  at  a  betatron  resonance[2].  In 
order  to  be  able  to  extract  the  strength  and  location  of  cou¬ 
pling  elements  from  the  data,  it  is  necessary  to  know  how 
C  changes  across  a  coupler,  and  how  C  propagates  in  a 
region  where  there  are  no  coupling  elements. 


2.2  C  Variation 

If  there  are  no  couplers  in  a  local  region  then  the  variation 
of  C  is  given  by  [4] 

C(s)  =  XS(4>0  -  Ms))  +  *R(0o  +  Ms)),  (7) 

where  A,  4>o,  k,  and  9o  are  constants,  R  and  S  are  rotation 
and  “anti-rotation”  matrices  of  the  form 

R(9)  S  (  cos(’,  W 

V  -  sin  9  cos  9  J 

and 

m  -  fC05l  slnM ,  (?) 

\sinq>  —cos  q>  J 

with  the  sum  and  difference  phase  advances  being 


where  the  normal  mode  matrix  U  is  of  the  form 

U=  (A  0>1 
VO  Bj  ’ 

and  V  is  of  the  form 


with  “+”  denoting  the  symplectic  conjugate.  Since  V  is 
required  to  be  symplectic,  7  and  C  are  related  by 

72  +  ||C||  =  1.  (4) 

*  Woik  supported  by  the  National  Science  Foundation 


(j)+  =  <j)a  +  <f>b,  and 

<t>-=<t>a~  <Pb-  (10) 

To  compute  the  change  in  C  across  a  coupler,  it  is  as¬ 
sumed  that  the  coupling  is  small  so  that  terms  second  order 
in  C  (or  C)  may  be  neglected.  Thus,  from  Eq.  (4),  to  first 
order  in  the  coupling 

7  =  1-  (ID 

Using  this,  and  Eqs.  (1),  (2),  and  (3),  gives  to  first  order 

(  A  CB-ACA 

VBC+  —  C+A  B  )'  (  ) 

Eq.  (12)  shows  that  the  on-diagonal  2x2  submatrices  of 
T  are  unaffected  by  the  coupling.  Thus,  to  first  order,  the 
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eigenmode  betas,  0a  and  0b  and  the  eigenmode  phases,  <j>a 
and  4>b,  are  equal  to  what  would  be  calculated  if  the  cou¬ 
pling  is  absent. 

Couplers  are  modeled  as  thin  skew  quadrupoles.  The 
4x4  transfer  matrix  TCOuP  for  a  coupler  is  then 


where 


=  (-\  ?)• 
-U  »)■ 


(13) 


(14) 


C 12  component.  Extending  the  analysis  to  the  other  com¬ 
ponents  is  a  trivial  matter.  From  Eq.  (7),  the  general  solu¬ 
tion  for  C 12  can  be  written  as 

'  7a  sin  <f) _  (s)  +  C a  cos  ( s )  + 

Xa  sin <p+{s)  +  pa  cos <f>+(s)  s  <  s0 
76  sin  <f>-  ( s )  -I-  (b  cos  < j> _  (s)  + 

\b  sin 4>+{s)  +  pb  cos <p+(s) 


Cn(s)  = 


with  5q  being  the  strength  of  the  coupler.  The  1-tum  matrix 
To+,  located  at  a  point  just  after  a  coupler,  is  related  to 
the  1-tum  matrix  To_,  located  at  a  point  just  before  the 
coupler,  via 

T0+  =  Tcoup  To-  Tcoud.  (15) 


*coup* 


Multiplying  out  Eq.  (15),  and  comparing  with  Eq.  (12), 
gives,  to  first  order,  and  with  the  help  of  Eq.  (5) 


s  >  So 

(21) 

The  procedure  for  locating  a  coupler  is  as  follows:  Given 
a  putative  coupler  location,  two  regions  are  chosen.  One 
region,  labeled  “A”,  is  chosen  to  be  just  before  the  coupler. 
The  other  region,  labeled  “B”,  is  chosen  to  be  just  after  the 
coupler  (See  the  example  at  the  end  of  the  paper).  Since 
the  betatron  phase  is,  to  first  order,  independent  of  the  cou¬ 
pling,  the  phase  is  taken  to  be  equal  to  the  phase  in  the 
design  lattice.  With  this,  the  sine  and  cosine  functions  in 
Eq.  (21)  may  be  evaluated  and  then  a  least  squares  fit  can 
be  used  to  determine  7a,  Co.  and  pa  using  the  data  from 
the  A  region.  Similarly,  75,  C 6,  Xb,  and  pb  are  obtained 
from  a  least  squares  fit  using  the  data  from  the  B  region. 
The  inhomogeneous  part  of  the  solution  is  now  obtained 
from  Eq.  (21)  by  subtracting  out  the  homogeneous  part  to 


Co+  —  Co-  —  q, 

(16) 

give 

r° 

S  <  So 

where 

s)' 

Ci,  12  =  ' 

|  76a  sin  (s)  +  (ba  COS  (s)  + 

(17) 

l  Xba  sin  4>+(s)  +  Pba  COS  (j>+  ( S ) 

s  >  So 
(22) 

with 

Sq  =  y/ Pa  Pb  Sq. 

(18) 

with 

76a  —  7f>  To.  (ba  —  (b  Ca, 

X  ba  =  Xb  —  Xa,  pba  —  Pb  —  Pa- 

(23) 

2.3 

Isolated  Coupler  Analysis 

The  phase  at  the  coupler  is  found  by  comparing  Eq.  (20) 

Given  a  coupler  of  interest  at  some  point  s0,  it  is  assumed 
that  the  coupler  is  “isolated”  so  that  it  is  the  only  coupler  in 
some  local  region.  Since  we  have  linearized  the  problem, 
the  general  solution  for  C  is  the  sum  of  a  homogeneous 
part  C  h  plus  an  inhomogeneous  part  C* 


with  Eq.  (22) 


tan  0+ (s0)  = 
tan</>_(so)  = 


Xba 

Pba 

Iba 

C ba 


and 


(24) 


C(s)  =  Ch(s)  +  Ci(s).  (19) 


The  homogeneous  part  is  the  solution  when  there  is  no  cou¬ 
pler  and  is  given  by  Eq.  (7).  The  inhomogeneous  part  is  the 
solution  with  the  coupler  and  with  some  boundary  condi¬ 
tion  which  we  are  free  to  choose.  This  boundary  condition 
will  be  chosen  to  be  C(s)  =  0  for  s  <  so-  From  Eqs.  (7) 
and  (16),  the  inhomogeneous  solution  is 


(  0 


c  i(s) 


s  <  So 


f  [r(§  +  <Ms)-<Mso)) 

s(f  ~<f>+(s)  +  <M«o))]  s>s0 


(20) 

At  CESR,  the  coupling  measurement  can  measure  the 
Cn,  C 12,  and  C 22  components  of  C.  For  various  techni¬ 
cal  reasons,  the  errors  in  the  C 12  data  are  less  than  the  er¬ 
rors  present  in  the  measurement  of  the  other  components. 
Therefore,  the  following  analysis  will  consider  only  the 


There  are  multiple  solutions  to  Eqs.  (24)  spaced  7 r  apart. 
However,  valid  solutions  must  have  the  corresponding  4>a 
and  <j>b  (from  Eq.  (10))  corresponding  to  a  location  some¬ 
where  between  the  A  and  B  regions. 

The  magnitude  of  the  coupler  is  given  by  comparing 
Eq.  (20)  to  (22) 

So 

—  =  -Xba  sin 4>+  (s0)  -  Pba  COS 0+(so),  or 
So  c 

=  76o  sin  (s0 )  +  (ba  cos  </>-(s0).  (25) 

Changes  in  amplitudes  for  the  R  and  S  components  of  C 12 
may  be  defined  by 

■As,ba  =  ^ba  +  Pba’  ^r.ba  =  Iba  +  C ba •  (26) 

Using  this,  Eqs.  (25)  may  be  put  in  a  more  transparent  form 
|(5g|  =  2As,ba  =  2  Ar>6a  •  (27) 

The  disadvantage  of  Eqs.  (27),  as  opposed  to  Eqs.  (25),  is 
that  the  sign  of  Sq  is  lost. 
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2.4  Error  analysis 


Even  with  a  good  fit  to  the  data,  the  analysis  can  be  off  if 
there  is  more  than  one  coupler  between  the  A  and  B  re¬ 
gions.  From  Eqs.  (27),  if  there  is  only  one  coupler,  then 
Agfa  —  Arfia-  A  figure  of  merit  xba  can  thus  be  defined 
by 


Xba  = 


l-Agjbn  Ar,b0| 

As>ba  A  Ariba 


(28) 


The  condition  for  a  good  fit  with  only  one  coupler  is  then 


Xba  1. 


(29) 


3  EXAMPLE 

The  coupling  analysis  presented  above  can  be  used  for  find¬ 
ing  unwanted  sources  of  coupling,  and  for  calibrating  skew 
quadrupole  magnets.  Figure  1  shows  how  coupling  data  is 
analyzed.  In  CESR,  there  are  approximately  100  detectors 
numbered  from  0  to  99.  The  C 12  data  shown  in  figure  la 
is  the  difference  between  two  coupling  measurements  ob¬ 
tained  while  varying  a  skew  quadrupole  placed  between  de¬ 
tectors  48  and  49.  The  A  region  was  chosen  to  be  between 
detectors  20  and  48  and  the  B  region  was  chosen  to  be  be¬ 
tween  detectors  50  and  80.  Figure  lb  shows  the  C 12  data 
with  the  fit  to  the  A  region  subtracted  off.  There  is  a  good  fit 
to  the  data  as  evidenced  by  the  fact  that  the  plot  is  near  zero 
within  the  A  region.  The  general  location  of  the  coupler  can 
be  located  by  eye  by  noting  where,  just  to  the  right  of  the  A 
region,  the  data  becomes  significantly  nonzero.  Figure  lc 
shows  the  data  with  the  B  region  fit  subtracted  off.  Again, 
there  is  a  good  fit  to  the  data.  Table  1  shows  the  values 
of  the  fitted  parameters.  From  these  values,  and  Eqs.  (10), 
(24)  and  (25),  it  is  found  that  there  is  a  single  valid  solution 
given  by  (j>a  —  31.86,  <f>b  =  29.70,  and  Sq  =  0.14  with 
Xba  —  0.09.  This  verifies  the  location  of  the  coupler  and 
gives  the  magnitude  of  the  kick. 

In  the  above  example,  the  A  and  B  regions  could  be  cho¬ 
sen  a  priori  since  the  location  of  the  coupler  was  known 
before  hand.  When  the  location  is  not  initially  known,  the 
regions  can  be  chosen  through  trial  and  error  just  by  look¬ 
ing  at  the  plotted  results  until  a  good  fit  is  obtained.  If  the 
space  between  the  A  and  B  regions  is  too  wide,  Eqs.  (24) 
will  have  multiple  solutions.  However,  since  the  solutions 
are  spaced  apart  in  phase  (and  hence  are  some  distance 
apart),  it  is  normally  a  simple  matter  to  be  able  to  select 
the  correct  solution. 


Region 

A 

P 

7 

c 

A 

mam 

0.114 

B 

0.057 

0.093 

■Mil 

B-A 

0.065 

0.067 

-0.045 

Figure  1 :  Coupling  data.  The  A  and  B  fit  regions  are  in¬ 
dicated  by  the  boxes,  a)  Data  obtained  by  varying  a  skew 
quadrupole.  b)  The  data  with  the  A  region  fit  subtracted 
off.  c)  The  data  with  the  B  region  fit  subtracted  off. 
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INTERACTION  LUMINOSITY  MONITOR* 

D.  Sagan 
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Abstract 

At  the  Cornell  Electron/positron  Storage  Ring  CESR,  a  fast 
luminosity  monitor  has  been  implemented!!].  The  moni¬ 
tor  works  by  measuring  the  amplitude  of  oscillation  of  a 
given  bunch  while  the  corresponding  opposing  bunch  is 
shaken.  A  disadvantage  with  the  luminosity  monitor  is  that 
the  monitor  signal,  besides  being  a  measure  of  the  luminos¬ 
ity,  is  also  dependent  upon  other  factors  such  as  the  vertical 
tune  and  the  vertical  beta  function  at  the  IP.  To  overcome 
this  deficiency,  a  software  program  has  been  developed  to 
give  a  normalized  signal  that  only  depends  upon  the  spe¬ 
cific  luminosity.  In  HEP  conditions,  this  normalized  signal 
is  used  as  input  to  an  “optimizer”  program  that  automati¬ 
cally  varies  machine  parameters  to  keep  the  luminosity  at  a 
maximum. 

1  INTRODUCTION 


In  a  colliding  beam  storage  ring  it  is  essential  to  be  able 
to  monitor  the  luminosity  so  as  to  be  able  to  adjust  ma¬ 
chine  elements  (magnets,  separators,  etc.)  to  maximize  the 
luminosity.  Recently,  a  fast  luminosity  monitor  has  been 
developed  at  the  Cornell  Electron/positron  Storage  Ring 
CESR[1].  The  monitor  is  shown  schematically  in  Fig.  1. 
Selected  bunches  of  one  beam  are  shaken  vertically  at  a 
given  frequency.  These  “shaker”  bunches  shake  the  corre¬ 
sponding  “detected”  bunches  at  the  interaction  point  (IP), 
and  the  amplitude  of  oscillation  of  the  detected  bunches 
are  then  monitored,  via  a  BPM  detector,  by  a  lock-in  am¬ 
plifier.  In  standard  practice  at  CESR,  the  amplitude  of  the 
shaker  bunch  is  only  a  few  percent  of  the  vertical  beam 
size.  Thus,  the  operation  of  the  monitor  has  no  significant 
affect  on  operations.  While  the  amplitude  of  oscillation  of 
the  detected  bunches  at  the  BPM  is  of  order  1  /un,  and  the 
monitor  signal  level  is  of  order  100 //V,  the  inherent  noise 
rejection  of  the  lock-in  gives  an  excellent  signal-to-noise 
ratio.  Typically,  for  a  1  second  time  constant,  the  signal- 
to-noise  ratio  is  100  to  1  or  better.  A  problem  with  the 
monitor,  though,  is  that  the  monitor  signal  is  not  simply 
proportional  to  the  luminosity,  but  is  dependent  upon  other 
factors  as  well.  For  head-on  collisions,  the  monitor  signal 
S  is  proportional  to[l] 

5  oc  CPy (ip)  yj Py(sh)  Py(dct)  Fsh  Fdet/I,  (1) 


*  Work  supported  by  the  National  Science  Foundation 


Figure  1:  Schematic  diagram  of  the  BBI  luminosity  moni¬ 
tor  configuration. 


where  C  is  the  luminosity,  I  is  the  bunch  current,  and  Fsh 
and  Fdet  are  defined  by 


Fsh(Qyt  Qsi  ^J/(sh)) 


A,  (ip) 

A's  (sh)  vWsh) /y  ip)  ’ 


(2) 


and 


F iet(Qy,  Qs,  ^y(det)) 


_ Arf(det) _ 

A(j(ip)  \J  ^j/(ip)/3y(det) 


(3) 


Here  A' (sh)  is  the  amplitude  of  the  kick  given  the  skaker 
bunch  at  the  shaker,  A,  (ip)  is  the  amplitude  of  the  shaker 
bunch  oscillations  at  the  IP,  A^(ip)  is  the  amplitude  of  the 
kick  given  the  detected  bunch  at  the  IP,  and  Ad( det)  is  the 
amplitude  of  the  detected  bunch  oscillations  at  the  detector. 

Fsh(Qy, Qs, <^j/(sh))  depends  upon  the  vertical  tune 
Qy,  the  frequency  of  shaking  Qs,  and  the  phase  ad¬ 
vance  between  the  shaker  and  the  IP  0v(sh)  [2],  Simi¬ 
larly,  Fdet(Qy,  Qs,  (/> j,(det))  is  dependent  upon  Qy,  Qs  and 
0j,(det)  —  the  phase  advance  between  the  detector  and  the 
IP. 
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U. 

Qs 


Figure  2:  Variation  of  S'  as  a  function  of  vertical  tune  with 
the  luminosity  and  horizontal  tune  held  constant. 


Parameter 

Value 

Parameter 

Value 

Qs 

0.26  (100  kHz) 

Qy 

0.61 

Ag(sh) 

0.5  jirad 

0.03 

A/ (ip) 

0.019  m 

Mip) 

7  fia i 

A/(sh) 

21.5  m 

/3„(det) 

32.3  m 

<Msh) 

2t r  •  0.86 

4>y  (det) 

2tt  •  0.27 

Fah 

0.79 

F iet 

0.82 

Table  1 :  CESR  BBI  luminosity  monitor  parameters. 


2  NORMALIZATION  PROGRAM 

An  example  of  how  the  monitor  signal  is  dependent  upon 
things  other  than  the  luminosity  is  shown  in  Figure  2.  Fig¬ 
ure  2  shows  5,  as  calculated  from  Eq.  (1),  as  a  function 
of  vertical  tune  while  holding  the  luminosity  and  the  hor¬ 
izontal  tune  constant.  Parameters  used  in  the  computation 
are  typical  of  CESR  high  energy  physics  (HEP)  conditions 
and  are  given  in  Table  1.  The  change  in  Qy  is  simulated  by 
varying  the  strengths  of  the  quadruples  in  the  arcs  to  give 
minimal  change  in  the  beta  functions.  Over  the  tune  range 
of  the  graph,  which  is  typical  of  the  range  over  which  the 
tune  can  be  varied  during  an  HEP  run,  S  varies  of  order 
10%.  This  variation  can  be  larger  than  the  actual  variation 
of  the  luminosity.  The  trend  of  S  in  the  figure  can  be  sim¬ 
ply  understood  as  a  resonance  phenomena  by  noting  that, 
as  the  tune  is  increased,  the  aliased  tune,  1  —  Qy,  is  moving 
nearer  the  shaking  frequency  at  Qs  —  0.26. 

In  order  to  overcome  the  dependency  of  the  monitor  sig¬ 
nal  on  the  vertical  betas  and  phases,  a  software  program  has 
been  developed  that  normalizes  the  signal  to  give  a  quan¬ 
tity  that,  at  least  in  theory,  is  directly  a  measure  of  the  spe¬ 
cific  luminosity.  The  normalization  program  works  by  us¬ 
ing  Eq.  (1)  to  compute  the  “predicted”  signal  Sp  assuming 
constant  C/I.  With  this,  the  normalized  signal  Sn  is  given 
by 

= ii-  (4> 


Figure  3:  Calculated  and  measured  monitor  signal  as  a 
function  of  shaker  frequency.  With  the  calculated  S  there 
is  one  adjustable  constant  that  gives  the  overall  gain  of  the 
system.  This  constant  was  chosen  to  best  match  the  mea¬ 
sured  results. 


Figure  4:  Relative  Sensitivity  of  the  monitor  signal  to 
changes  in  vertical  tune  as  a  function  of  shaker  frequency. 
dS  is  the  change  in  S,  for  a  fixed  change  in  Qy,  as  com¬ 
puted  from  Eq.  (1). 


At  the  start  of  a  HEP  run,  the  values  for  the  quadrupole 
strengths,  quadrupole  rotation  angles,  and  sextupole 
strengths[3]  are  read  in  from  the  CESR  data  base.  It  is  as¬ 
sumed  that  these  initial  settings  correspond  to  the  settings 
for  the  theoretical  design  lattice.  That  is,  the  initial  Twiss 
parameters  are  assumed  equal  to  the  Twiss  parameters  of 
the  design  lattice.  Sp  is  computed  assuming  a  constant 
value  for  C/I  with  head-on  collisions. 

The  program  recomputes  Sn  approximately  8  times  a 
second  and  puts  this  number  in  the  CESR  data  base  for 
general  use.  To  save  on  computation  time,  the  database  is 
monitored,  and  only  if  any  of  the  quadrupole  or  sextupole 
settings  have  changed  are  the  Twiss  parameters  and  Sp  re¬ 
computed.  This  recomputation  is  based  upon  the  change  in 
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the  settings  and  the  known  calibration  constants. 

The  working  of  the  normalization  program  rests  on  the 
assumption  that  Eq.  (1)  accurately  reflects  reality.  A  good 
indication  that  this  is  so  is  shown  by  the  good  agreement 
between  measured  and  calculated  monitor  signal  levels  as 
a  function  of  shaking  frequency  Qs.  This  is  shown  in  Fig¬ 
ure  3.  The  greatest  weakness  in  the  above  procedure  is 
the  assumption  that  the  initial  conditions  correspond  to  the 
design  lattice.  This  assumption  is  necessary  since  hystere¬ 
sis  in  the  magnets  precludes  an  accurate  enough  absolute 
calibration.  In  practice,  the  assumption  is  generally  close 
enough  so  that  the  normalized  signal  generally  follows  the 
luminosity.  One  way  to  desensitize  the  signal  dependence 
on  tune  would  be  to  lower  Qa  as  shown  in  Figure  4.  Fig¬ 
ure  4  shows,  as  a  function  of  Qa,  the  quantity  dS/S  — 
the  change  in  5,  for  a  fixed  change  in  Qy,  normalized  by 
5.  Lowering  Qs,  however,  has  the  drawback  of  lowering 
5  (cf.  Figure  3)  since,  currently  at  CESR,  the  shaker  driver 
amplifier  is  near  maximum  output  and  so  A's  (sh)  cannot  be 
increased.  Moreover,  lowering  Qa  does  nothing  to  lessen 
the  dependence  on  the  betas. 

3  OPTIMIZATION  PROGRAM 

At  CESR,  the  normalized  luminosity  signal  is  used  with 
an  “optimizer”  program  to  provide  automatic  adjustment 
of  machine  parameters  to  maximize  the  luminosity.  The 
optimizer  program  is  a  general  purpose  program  in  that  it 
can  be  used  to  maximize  (or  minimize)  any  quantity  that  is 
stored  in  the  CESR  data  base  using  any  control  variables 
in  the  data  base.  Several  optimizing  strategies  are  available 
for  use.  However,  for  maximizing  the  luminosity,  the  fa¬ 
vorite  strategy  used  involves  varying  a  variable  back  and 
forth  over  some  range  while  recording  the  normalized  sig¬ 
nal.  To  reduce  the  noise,  the  signal  vs.  variable  curve  is 
smoothed  using  a  sliding  window  and  the  maximum  of  the 
curve  is  found.  The  variable  is  then  set  to  the  value  corre¬ 
sponding  to  the  maximum  and  the  cycle  is  started  over  with 
the  next  variable  on  the  list  of  variables  to  use. 

The  use  of  the  optimizer  has  lead  to  some  puzzling  be¬ 
havior.  It  has  been  found  that,  at  the  start  of  a  HEP  run,  the 
optimum  conditions  have  a  small  but  significant  coupling 
component  in  the  arcs.  Why  this  should  be  so  is  so  far  un¬ 
explained,  but  one  clue  is  that,  as  the  run  progresses,  and 
the  beam  current  decays,  the  optimizer  steadily  decreases 
the  coupling  by  reducing  the  strength  of  skew  quadrupoles 
under  its  control.  This  strongly  suggests  that  the  explana¬ 
tion  involves  the  beam-beam  interaction. 

4  CONCLUSION 

Without  the  normalization  program,  the  beam-beam  in¬ 
teraction  luminosity  monitor  was  useful  for  making  sure 
that  the  beams  collided  head-on  and  for  adjusting  skew 
quadrupoles  for  minimum  beam  size  —  both  of  which  did 
not  depend  upon  variation  of  the  Twiss  parameters.  With 
the  normalization  program,  the  range  of  usefulness  has 


been  extended  to  the  ability  to  adjust  quadrupole  or  sex- 
tupole  settings.  With  this,  the  luminosity  monitor,  along 
with  the  optimizer  program,  is  in  standard  use  at  CESR. 
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Abstract 

The  Cornell  electron-positron  storage  ring  (CESR) 
luminosity  has  increased  by  a  factor  of  >3  over  the  last  3 
years  with  a  peak  luminosity  of  8.0xl032  cm'2sec''  and  a 
record  integrated  luminosity  of  750  pb'1  for  one  month. 
This  increase  in  luminosity  is  in  part  due  to  improved 
alignment  of  magnetic  elements.  Operation  with  a  pretzel 
[1]  orbit  in  multiple  bunch  mode  places  particular 
importance  on  alignment  because  of  the  side  effects  of 
magnetic  correctors.  We  report  the  improvements  in 
alignment  and  estimate  the  effects  on  colliding  beam 
performance. 

1  CESR  LUMINOSITY 

While  accurate  alignment  of  magnetic  elements  is 
essential  for  good  performance  in  all  accelerators,  the 
multi-bunch  operation  of  CESR  places  additional  demands 
on  magnet  alignment.  Most  of  the  two  orders  of 
magnitude  increase  in  CESR  luminosity  since  initial 
operation  has  been  due  to  using  many  bunches  in  each 
beam  [1], 

The  interaction  between  counter-rotating  bunches, 
primarily  through  long  range  electromagnetic  fields,  must 
be  limited  at  all  parasitic  (i.e.,  not  intended  for  collisions) 
crossing  points  to  avoid  dilution  of  the  beams’  phase 
space  density  and  resonance  induced  particle  losses.  Since 
only  a  single  vacuum  chamber  is  available  in  CESR  the 
interaction  is  reduced  by  establishing  separate  closed  orbits 
for  the  two  counter  rotating  beams  by  means  of 
electrostatic  separators.  These  separate  orbits  follow  large 
(-15  mm  peak)  pseudo-sinelike  betatron  trajectories 
around  the  complete  circumference. 

Since  the  beams  are  far  from  the  centerline  of  the 
magnets  (with  opposite  displacements)  for  most  of  the 
circumference,  sensitivity  to  nonlinear  fields  is  increased 
and  corrections  are  more  difficult  since  electrons  and 
positrons  are  affected  differently.  Horizontal-vertical 
coupling  created  by  skew-quadrupole  fields  cannot  be 
simply  corrected  by  two  appropriately  placed  skew  quads 
since  not  only  the  coupling  vector  phases  but  also  vertical 
betatron  phases  must  be  matched.  Because  of  the  vertical 
correctors’  poor  fringe  field  quality  their  strength  must  be 
limited  for  reliable  beam-beam  performance. 

Increased  alignment  demands  extend  to  vacuum 
chambers  also  since  synchrotron  radiation  power  can 


increase  to  dangerous  levels  when  chambers  are 
misaligned. 

For  a  given  ring  and  optics,  luminosity  may  be 
quantified  by  two  parameters  -  total  beam  current  and 
beam-beam  parameter,  proportional  to  luminosity  divided 
by  a  geometric  mean  of  the  two  beam  currents.  The 
beam-beam  parameter,  is  most  directly  affected  by 
magnet  alignment.  Unintentional  coupling,  dispersion, 
and  beta  function  errors  directly  afreet  as  do 
unnecessarily  strong  correction  magnets  (e.g.,  to  correct 
vertical  orbit  errors). 

Effects  on  beam  current  will  be  less  direct  if  an 
unrelated  phenomenon  limits  currents.  Otherwise 
resonances  and  dynamic  aperture  may  reduce  beam  current 
due  to  magnet  alignment  errors. 

2  ALIGNMENT  OF  CESR 

There  are  84  dipole  and  102  quadrupole  magnets  in  CESR. 
The  vertical  height,  radial  position,  and  rotation  of  the 
CESR  quadrupoles  are  routinely  measured  and  aligned  to 
eliminate  any  unwanted  orbit  distortion  of  the  CESR 
beam.  Recently  the  dipole  magnets  have  also  been 
aligned  as  well.  By  aligning  the  quadrupole  and  dipole 
magnets  in  CESR  we  have  reduced  the  dependence  on 
steering  magnets  needed  for  orbit  correction. 
Measurement  of  the  magnetic  elements  in  CESR  is  done 
with  conventional  techniques  and  is  described  in  detail 
elsewhere  [2,3,4].  In  this  paper  a  brief  description  of  the 
method  will  be  described  and  the  accuracy  of  the 
measurement  will  be  quoted. 


Figure  1.  The  rotation  of  the  half  of  the  quadrupole 
magnets  in  CESR  (a)  before  alignment  and  (b)  after 
alignment. 
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The  vertical  height  of  magnetic  elements  is  measured 
using  an  optical  level.  This  technique  has  a  quadrupole  to 
quadrupole  accuracy  of  ~5  mils.  The  rotation  (or  level)  of 
magnetic  elements  is  measured  using  an  electronic  bar 
level.  The  bar  level  has  an  accuracy  of  -0.1  mrad.  The 
radial  measurement  consists  of  wire  measurements  that 
relate  each  magnet  to  the  magnets  on  either  side.  The 
radial  positioning  can  be  done  to  ~20  mils  rms.  The 
alignment  data  is  analyzed  using  a  series  of  computer 
programs  that  have  been  written  specifically  for  CESR. 
Figure  1  is  the  rotation  of  the  CESR  quadrupole  magnets 
before  and  after  the  magnets  were  aligned.  It  should  be 
noted  that  when  the  CESR  ring  is  aligned  not  all  of  the 
magnets  are  moved,  only  the  ones  that  are  outside  of  our 
prescribed  tolerances. 

3  ORBIT  MEASUREMENTS 

Several  beam  parameters  have  been  measured  to 
validate  the  usefulness  of  aligning  the  magnetic  elements 
in  CESR.  They  are  (i)  the  zero  corrector  orbit,  (ii)  the 
coupling  of  CESR,  and  (iii)  the  corrector  strengths  during 
colliding  beam  physics.  These  quantities  directly  effect 
the  performance  of  CESR  by  influencing  the  beam-beam 
tune  parameter  The  following  data  were  measured 
before  and  after  quadrupole  magnets  were  aligned  in  CESR 
and  represent  the  type  of  improvement  one  would  expect 
by  aligning  the  quadrupole  magnets. 

The  zero  corrector  orbit  is  the  beam  orbit  with  all 
steering  correctors  turned  off.  If  all  the  magnetic  elements 
were  perfectly  aligned  with  ideal  fields  then  the  zero 
corrector  orbit  would  be  zero  and  the  beam  would  travel 
through  the  centers  of  the  beam  detectors  and  magnets. 
As  an  example,  Figure  2  is  the  horizontal  zero  corrector 
orbits  before  and  after  the  quadrupole  magnets  were  aligned 
in  CESR.  The  rms  horizontal  zero  corrector  orbit  went 
from  5.30mm  to  4.52mm  by  aligning  the  quadrupole 
magnets.  We  have  not  been  as  successful  reducing  the 
vertical  zero  corrector  orbit.  During  the  same  quadrupole 
alignment  period  the  rms  vertical  zero  corrector  orbit  went 
from  5.56mm  to  5.60mm. 


Detector  Number 


Figure  2.  The  CESR  zero  corrector  horizontal  orbit  (a) 
before  and  (b)  after  aligning  the  quadrupole  magnets. 


Rotated  quadrupoles  introduce  coupling  between  the 
horizontal  and  vertical  planes  which  results  in  an  increase 
in  the  vertical  beam  size  and  reduces  the  luminosity.  A 
performance  benefit  that  can  be  attributed  to  leveling  the 
quadrupoles  in  CESR  is  the  reduction  of  transverse 
coupling.  To  measure  coupling  in  CESR  a  normal  mode 
of  die  beam  is  coherendy  excited  by  a  shaker  and  the 
relative  phase  and  amplitude  of  the  two  normal  transverse 
(vertical  and  horizontal)  modes  is  measured  [5].  From  this 

measurement  the  coupling  transfer  matrix  C  can  be 
determined.  The  Cj2  term  of  the  2x2  coupling  matrix 
was  measured  before  and  after  the  quads  were  leveled  and 
the  results  are  shown  in  Figures  3. 


Figure  3.  C12  at  each  detector  around  the  ring  measured 

(a)  before  and  (b)  after  the  quadrupoles  were  leveled.  The 
rms.  value  is  4.3%  before  and  1.8%  after  the  quadrupoles 
were  aligned  [6]. 


Several  comments  can  be  made  about  the  coupling 
results.  1)  The  coupling  measurements  shown  were  made 
with  the  skew  quadrupoles  turned  off  so  the  two 
measurements  are  on  equal  footing  as  far  as  coupling 
goes.  2)  During  the  down  period  the  back-leg  windings  of 
some  of  the  dipole  steering  were  moved  away  from  the 
beam-pipe  and  that  might  have  reduced  the  coupling  in 
addition  to  leveling  the  quadrupoles.  3)  Both 
measurements  have  significant  global  coupling  (long 
wavelength)  but  the  localized  coupling  (short  wavelength) 
is  greatly  reduced  after  the  quadrupole  magnets  woe 
leveled. 


Figure  4.  The  (a)  vertical  and  (b)  horizontal  corrector 
strength  for  during  collisions  before  the  magnetic 
elements  were  aligned  in  CESR. 


Vertical  and  horizontal  corrector  magnets  steer  the 
beam  to  an  ideal  orbit  tuned  for  luminosity.  The  pretzel 
orbit  used  in  multiple  bunch  operation  has  the  beam  far 
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from  centered  in  these  steering  magnets.  For  the  steering 
coils,  nonlinear  fields  increase  with  displacement  and 
reduce  the  dynamic  aperture  of  CESR.  It  is  therefore 
imperative  to  rely  on  these  corrector  magnets  as  little  as 
possible.  Aligning  magnetic  elements  in  CESR  reduces 
the  dependence  on  corrector  magnets.  The  corrector 
strengths  during  colliding  beams  were  measured  before  and 
after  the  magnets  were  aligned  (Figures  .4  and  5). 


-U.Z  U  U.Z  U.O  U.B  -V.u  u  U.. 

Vertical  Kick  (mrad)  Horizontal  Kick  (mrad) 


Figure  5.  The  (a)  vertical  and  (b)  horizontal  corrector 
strength  during  high  energy  physics  collisions  after  the 
magnetic  elements  were  aligned  in  CESR. 

The  reduction  in  the  standard  deviation  of  the  corrector 
strength  was  by  25%  for  vertical  correctors  and  64%  for 
horizontal  correctors. 

These  results  prove  the  usefulness  of  aligning  the 
magnetic  elements  in  CESR. 

4  LUMINOSITIES  DEPENDENCE  ON 
MAGNETIC  ALIGNMENT 

The  luminosity  of  an  electron-positron  storage  ring  is 
L  fpN^ 

2rePv 

where  N  is  the  number  of  particles  per  bunch,  f0  is  the 
revolution  frequency,  re  is  the  classical  electron  radius,  ^ 

is  the  beam-beam  parameter,  y  =  ^/mc2 ,  and  py  is  the 

vertical  beta  function  at  the  interaction  point.  The 
luminosity  is  directly  proportional  to  the  beam-beam 
parameter  and  we  will  try  to  correlate  the  increase  in  the 
beam-beam  parameter,  and  hence  luminosity,  with 
magnetic  alignment. 

The  beam-beam  parameter  is  recorded  during  CESR 
beam  collisions.  Figure  6  is  the  average  peak  beam-beam 
for  each  running  cycle  from  November  of  1992  to 
February  of  1999.  The  schedule  for  colliding  beams  at 
CESR  consists  of  running  periods  usually  10  to  20  weeks 
in  length  followed  by  down  periods  for  improvements  and 
maintenance.  Each  data  point  is  the  average  beam-beam 
parameter  for  that  running  period.  The  arrows  denote  the 
down  periods  when  significant  alignment  of  magnetic 
elements  occurred  with  the  expectation  of  an  improvement 
to  CESR  performance.  Several  interesting  features  should 
be  pointed  out  from  Figure  6.  1)  The  beam-beam 

parameter  on  average  goes  up  by  11  ±6%  when  the 
magnetic  elements  are  aligned  during  the  down  period.  2) 
The  beam-beam  parameter  goes  down  on  average  by 
4  ±5%  when  the  magnetic  elements  are  not  aligned 


during  the  down  period.  3)  If  magnets  are  not  aligned  over 
several  running  periods  the  beam-beam  parameter  tends  to 
suffer.  It  should  be  noted  that  during  each  downperiod 
other  modifications  of  CESR  are  made.  The  gain  in  the 
beam-beam  parameter  is  not  solely  due  to  magnetic 
alignment. 


Time  (weeks) 

Figure  6.  The  mean  peak  beam-beam  parameter  from 
November  1992  to  February  1999.  The  arrows  indicate  a 
downperiod  when  the  CESR  magnetic  elements  were 
aligned. 

5  CONCLUSION 

Aligning  the  magnetic  elements  in  CESR  reduces  the 
dependence  on  steering  correctors,  reduces  coupling,  and 
increases  the  beam-beam  parameter  and,  on  average, 
increases  the  delivered  luminosity  of  CESR.  We  have 
noted  an  increase  in  luminosity  of  -11%  due  to  magnetic 
alignment  of  CESR. 
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Abstract 

The  Cornell  Electron-Positron  Storage  Ring  (CESR)  has 
a  longitudinal  dipole-coupled-bunch  instability  that  limits 
the  total  amount  of  current  that  can  be  stored  in  the  ring. 
As  a  result,  it  is  one  of  the  major  limitations  for  higher 
luminosity  [1].  This  paper  reports  the  results  from  a 
streak  camera  used  to  measure  the  dependence  of  the 
bunch’s  distribution  on  current  and  accelerating  RF 
voltage  for  multiple  bunches  in  CESR,  as  well  as  the 
effects  of  the  longitudinal  instability  on  the  bunch 
distribution.  Measurements  of  the  bunch’s  longitudinal 
distribution  at  CESR,  with  multiple  bunches  present  in 
the  ring,  help  give  an  understanding  of  the  nature  of  the 
longitudinal  instability. 

1  MULTIPLE  BUNCH  OPERATION  AT 
CESR 

Multiple  bunches  refers  to  more  than  one  bunch  of 
electrons  or  positrons  being  present  in  CESR  at  one  time. 
Multiple  bunches  in  CESR  are  necessary  to  achieve  high 
luminosity.  Under  present  high-energy  physics  colliding 
beam  conditions,  there  are  nine  nearly  evenly  spaced 
bunch  trains,  with  up  to  five  bunches  in  each  train,  for  a 
total  of  45  electron  and  45  positron  bunches  (Figure  1). 
The  bunches  are  separated  at  crossing  points  other  than  the 
interaction  region  by  vertical  and  horizontal  electrostatic 
separators.  The  separators  are  used  to  make  a  “pretzel” 
orbit  to  insure  separation  between  bunch  crossings  at 
locations  other  than  the  interaction  region.  Different 
distributions  of  bunches  in  the  trains  are  observed  to  have 
different  dipole-coupled  bunch  instability  thresholds. 

Train  #1  Train  #2 

Bunch  #1  #2  #3  #4  #5  Bunch  #1 


Figure  1.  There  are  nine  trains  of  bunches  in  CESR  and 
each  train  can  have  up  to  five  bunches  present  (five 
bunches  per  train  are  shown  in  this  figure).  Each  train  is 
separated  by  280  or  294  ns  and  the  bunch  spacing  in  the 
train  are  in  multiples  of  14  ns. 

2  DATA  ANALYSIS 

Measurements  of  the  CESR  longitudinal  bunch 
distribution  were  made  with  a  500-femtosecond  resolution 
Hamamatsu  streak  camera.  A  description  of  the  camera 


and  experimental  set-up  is  described  in  detail  elesewhere 

[2]. 

To  determine  the  bunch  length,  the  longitudinal 
profiles  of  the  beam  distribution  are  fit  to  an  asymmetric 
Gaussian  function  with  a  constant  background  given  by 

I(Z)  =  I0tIiexp|— l((1  +  s^-_z>)A)gJ  . 

where  /0  is  the  pedestal,  and  /,  is  the  peak  of  the 
asymmetric  Gaussian.  The  term  sgn(z-z)A  is  the 
asymmetry  factor  that  parameterizes  the  shape  of  this 
Gaussian.  The  mean  rms  width,  Gz,  and  asymmetry 
factor,  A,  from  each  experiment,  are  used  to  examine  the 
pulse-to-pulse  fluctuations  in  the  beam  distribution.  Each 
distribution  is  fit  to  the  mean  rms  width  and  asymmetry 
factor  and  the  area  and  mean  position  of  the  distribution 
can  vary.  The  difference,  (or  residuals)  between  the  fit  and 
the  data  will  show  variations  between  an  average 
distribution  and  individual  data  acquisitions. 

3  STABLE  BUNCH  MEASURMENTS 

The  electron  bunch  distribution,  as  a  function  of  current, 
was  measured  with  nine  trains  of  two  bunches  per  train. 
The  separation  between  the  two  bunches,  in  a  train,  was 
42  ns.  The  wiggler  magnets  were  closed  during  this 
measurement.  The  mean  and  the  root  mean  error  for  the 
bunch  width  and  asymmetry  factor,  at  each  current  setting, 
is  plotted  in  Figures  2  (a)  and  (b). 


Bunch  Current  (mA)  Bunch  Current  (mA) 

Figure  2.  The  electron  (a)  bunch  length  as  a  function  of 
current  with  18  bunches  in  the  CESR  ring,  and  the  (b) 
asymmetry  factor  as  a  function  of  current. 

Several  observations  can  be  made  from  the  results:  1) 
between  the  currents  from  1  to  13  mA  per  bunch,  the 
electron  bunch  length  increases  by  6.0%.  This  steady 
bunch  length  increase  is  not  accompanied  by  a  steady 
increase  in  the  Gaussian  asymmetry  factor.  2)  The  single 
electron  bunch  length  at  low  current  is  expected  to  be 
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CTZ  =  17.30mm  according  to  the  CESR  model.  The 
measured  single  bunch  length  at  low  current  was 
oz  =  17.89  ±  0.35mm,  which  is  close  to  the  multibunch 
measurement  at  low  current  of  az  =  18.10  ±  0.38mm  [2], 
3)  With  the  bunch  spacing  of  42  ns  between  bunches,  the 
longitudinal  instability  was  not  present.  The  threshold  for 
the  instability  is  -240  mA  for  this  bunch  spacing.  A 
single  data  acquisition  of  the  longitudinal  bunch 
distribution  for  each  of  two  different  current  settings  is 
plotted  in  Figures  3  (a)  and  (c). 


electron  longitudinal  bunch  distribution  and  residuals  at 
the  current  settings  of:  (a)  1.3  mA  and  (b)  12.5  mA  per 
bunch. 

The  bunch  length  was  measured  as  a  function  of  the 
RF  accelerating  voltage.  The  measurements  were  made 
with  electrons  at  each  RF  voltage,  while  keeping  the 
bunch  current  constant.  The  measurement  was  made  at  a 
high  current,  and  low  current,  with  nine  trains  of  two 
bunches  separated  by  42  ns.  The  mean  bunch  width  and 
root  mean  error  is  plotted  at  each  RF  voltage  in  Figures  4 
(a)  through  (b). 


Figure  4.  The  electron  bunch  length  as  a  function  of  RF 
accelerating  voltage,  with  18  bunches  in  the  CESR  Ring, 
at  a  current  of  (a)  9.0  mA  per  bunch  and  (b)  3.2  mA  per 
bunch. 

Fitting  the  data  to  the  equation  =  AV™  the 

electron  bunch  lengths’  dependence  on  the  RF  accelerating 
voltage  was  determined.  In  the  low  current  case, 
m  = -0.47  ±0.03,  and  in  the  high  current  case, 
m  =  -0.39  ±0.03.  The  expected  value  was  m  =  -0.50. 
This  is  in  good  agreement  with  the  measured  value  in  the 
low  current  case.  As  the  current  increases,  the  bunch 
length  dependence  on  RF  voltage  decreases,  most  likely 
due  to  beam  loading  in  the  RF  cavities. 


The  bunch  distribution  was  measured  for  both 
electrons  and  positrons,  as  a  function  of  current,  during 
high-energy  collisions.  The  bunch  spacing  was  42  ns. 
Each  streak  camera  picture  of  the  bunch  distribution  was 
fit  to  an  asymmetric  Gaussian  distribution,  and  the  width 
and  asymmetry  factor  were  plotted  as  a  function  of  the 
current  in  Figures  5  (a)  and  (b). 


Figure  5.  The  electron  (a)  bunch  length  and  (b) 
asymmetry  factor,  as  a  function  of  current,  during  high- 
energy  collisions  in  CESR.  The  lit  to  the  data  is  linear 
and  points  out  the  slow  decrease  in  the  bunch  length  and 
asymmetry  factor  as  a  function  of  current. 

The  bunch  length,  for  both  the  electrons  and 
positrons,  decreases  as  a  function  of  current.  At  the  time 
of  these  measurements  the  total  peak  current  during  high- 
energy  physics  was  170  mA  per  beam.  The  runs  lasted 
about  70  minutes,  or  until  the  single  beam  current  was 
120  mA.  Then  CESR  was  refilled.  The  asymmetry 
factor,  for  both  electrons  and  positrons,  decrease  as  a 
function  of  current.  Overall  the  electrons  and  positrons 
exhibit  the  same  behavior  in  CESR. 

4  UNSTABLE  BUNCH  MOTION 

The  CESR  longitudinal  instability  is  a  dipole-coupled 
bunch  instability,  and  it  is  only  observed  with  multiple 
bunches  per  train.  The  characteristics  of  the  instability  are 
described  elsewhere  [3].  The  threshold  of  the  instability 
depends  upon  the  mode  of  operation.  We  observed  that:  1) 
at  the  instability  threshold  current,  a  signal  at  fr  ±  fs 
appears  in  the  beams  spectra,  which  indicates  a 
predominately  dipole  structure  in  phase  space.  2)  As  the 
current  is  increased,  well  above  the  threshold,  the  signal  at 
fr  ±  2  fs  appears.  3)  The  threshold  current  for  the 
instability  is  dependent  on  the  bunch  spacing  in  the  train. 
4)  The  instability  degrades  the  CESR  luminosity. 

Measurements  of  the  longitudinal  instability  were 
made  at  several  different  bunch  spacings.  They  all  have 
the  same  characteristics,  except  for  different  instability 
current  thresholds.  The  one  presented  here  is  with  nine 
trains  of  two  bunches,  with  14  ns  spacing  between 
bunches.  The  instability  threshold  with  this  bunch 
spacing  was  approximately  110  mA.  Just  above  the 
instability  threshold,  measurements  of  the  electron  bunch 
distribution  were  taken  with  the  streak  camera;  both  with 
the  feedback  on  (no  instability  present),  and  with  the 
longitudinal  feedback  off  (the  inability  is  present).  A 
spectrum  analyzer  was  used,  in  conjunction  with  the 
streak  camera,  to  measure  of  the  longitudinal  instabilities 
presence. 

The  features  of  the  longitudinal  instability  from  the 
measurement  are  the  following:  1)  The  dipole  mode  is  not 
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detectable  by  the  streak  camera  (Figure  6).  The  bunch 
length  and  asymmetry  factor,  with  and  without  the 
instability  present,  are  in  agreement  (Table  1).  2)  No 

structure  is  detected  in  the  residuals  of  each  of  the  data 
acquisitions. 


distribution  measured  by  the  streak  camera  when  (a)  the 
longitudinal  instability  is  present  and  (b)  the  longitudinal 
instability  is  not  present. 


Stable  Beam 

Unstable  Beam 

RMS  Width  crz  (mm) 

18.78  ±0.13 

18.73  ±0.09 

Asymmetry  Factor 

-0.07  ±0.01 

-0.07  ±0.01 

Table  1.  The  measured  electron  bunch  length  and 
asymmetry  factor  for  a  stable  and  unstable  beam  in 


CESR. 
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Figure  7.  (a)-(b)  The  CESR  bunch  distribution  fit  to  the 
mean  stable  bunch  distribution  when  the  beam  is  unstable 
(fs  and  2 fs)  with  the  current  above  200  mA.  The 


residuals  are  above  the  distribution,  (c)  The  bunch  length 
and  2  fs  signal  amplitude  as  a  function  of  current. 


Exploring  the  instability  behavior  further,  the  current 
was  increased  and  several  interesting  features  appeared:  1) 


there  is  a  steady  increase  in  the  bunch  length  as  a  function 
of  current.  Bunch  lengthening  increases  dramatically,  and 
the  beam  oscillates  in  size  (signature  of  the  quadrupole 
mode).  2)  As  the  current  increases,  the  fr  ±  2  ft  signal  in 
the  spectra  appears,  and  it  grows  in  strength  as  a  function 
of  current.  The  2  fs  signal  is  plotted  in  Figure  7  (c)  as  a 
function  of  current.  There  is  a  dramatic  jump  in  the 
signal  amplitude,  and  the  bunch  distribution  changes 
dramatically.  Above  195  mA  the  bunch  distribution 
oscillates  violently.  Figures  7  (a)  and  (b)  are  bunch 
distributions  above  200  mA.  There  is  little  evidence  of 
the  quadrupole  mode  in  Figure  7  (b)  and  strong  evidence  in 
Figure  7  (a). 


5  CONCLUSIONS 

The  measurements  of  CESR  provided  information  about 
multibunch  operations,  as  well  as  the  behavior  of  the 
bunch,  when  the  coupled-bunch  longitudinal  instability 
was  present  in  CESR.  The  general  conclusions  from  the 
measurements  are  that  there  is  no  difference  between  the 
positrons  and  electrons  in  CESR,  in  terms  of  longitudinal 
dynamics.  The  coupled-bunch  longitudinal  instability  is  a 
dipole  mode  instability,  and  a  strong  feedback  system  has 
allowed  the  instability  to  be  damped,  and  increased  the 
current  thresholds  [4],  The  presence  of  the  longitudinal 
instability  was  noticed  in  the  beam  spectra.  It  was  also 
noted  with  the  streak  camera,  but  only  when  the 
quadrupole  mode  was  present. 

These  studies  of  the  longitudinal  dynamics  in  CESR 
helped  quantify  some  effects,  such  as:  1)  the  bunch  length 
and  asymmetry  of  the  bunch  increases  as  a  function  of 
current  while  colliding  beams.  2)  The  bunch  length 
increases  as  a  function  of  current  with  multiple  bunches  in 
CESR.  3)  The  coupled  bunch  longitudinal  instability  is  a 
dipole  instability,  but  when  the  current  is  increased,  it 
incites  the  quadrupole  instability,  and  the  bunch 
distribution  changes  drastically.  Nonlinearites  in  the 
potential  well  and  the  large  amplitude  motion,  in  the 
dipole  mode,  give  rise  to  the  quadrupole  mode.  With  the 
present  feedback  system,  the  coupled  bunch  instability  is 
eliminated  at  currents  above  threshold  for  the  quadrupole 
mode. 

The  streak  camera  has  been  invaluable  as  a  diagnostic 
device  for  the  measurement  of  the  longitudinal  parameters 
of  CESR. 
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Abstract 

Measurements  of  the  beam’s  bunch  length  in  the  Cornell 
Electron-Positron  Storage  Ring  (CESR)  were  made  using 
a  streak  camera.  The  experimental  set  up  and  the  analysis 
techniques  used  are  described  in  this  paper.  For  a  single 
bunch  in  CESR,  the  dependence  of  the  longitudinal 
distribution  on  the  bunch  current  and  accelerating  RF 
voltage,  was  measured  and  compared  with  a  simple 
theoretical  model  of  the  CESR  vacuum  chamber 
impedance.  Some  basic  parameters  of  this  model  were 
determined  from  the  measured  bunch  distributions 
presented  in  this  paper. 

1  EXPERIMENTAL  SET-UP  AND 
ANALYSIS  TECHNIQUE 

The  streak  camera  uses  synchrotron  radiation  produced  by 
the  accelerator  dipole  magnets  to  determine  the 
longitudinal  bunch  distribution.  The  synchrotron  light 
pulse  is  transported  from  the  source,  out  of  the  vacuum 
chamber,  to  a  safe  location  shielded  from  radiation,  where 
the  streak  camera  measurements  can  be  made. 

The  longitudinal  profiles  of  the  beam  distribution  are  fit 
to  an  asymmetric  Gaussian  function  with  a  constant 
background  given  by 

/(z)  =  Z0  +  Ix  exp|-|((i  +  sgn(z  -l)A)az  )  } 

where  /0  is  the  pedestal,  and  /j  is  the  peak  of  the 
asymmetric  Gaussian.  The  term  sgn(z  -  z)A  is  the 
asymmetry  factor  that  parameterized  the  shape  of  this 
Gaussian. 

2  CESR  SINGLE  BUNCH  DYNAMICS 

The  longitudinal  phase  space  in  the  storage  ring  is 
determined  from  accelerator  components  as  well  as  from 
collective  effects.  In  CESR,  the  electromagnetic  fields 
which  affect  the  bunch  distribution  are  from  the  more  than 
four  hundred  magnets,  which  guide  the  bunches  around  the 
accelerator,  two  RF  accelerating  stations,  to  counteract  the 
bunch  energy  loss  due  to  synchrotron  radiation,  and  two 
wiggler  magnets  used  to  create  synchrotron  radiation  for 


the  CHESS  X-ray  Facility.  Ignoring  collective  effects, 
the  standard  deviation  bunch  length  is  given  by  [1] 


/t2\K__0L  I 

(  ,  \ 

t'i7£,0 

k2/2  +  /4, 

where  /2 ,  /3 ,  and  1 4  are  the  synchrotron  integrals.  The 
term  a  is  the  momentum  compaction,  E0  is  the  nominal 
energy,  and  £ls  is  the  synchrotron  frequency.  The 
synchrotron  integrals  that  reflect  CESR,  when  the  streak 
camera  experiments  were  performed,  are  denoted  in  Table 
1.  _ 


Wigglers  Open 

Wigglers  Closed 

h 

8.791m 

8.791m 

h 

9.336xl0_2m_1 

1.047xl0-1m-1 

h 

1.716xl0-3m-2 

2.372jcl0-3m-2 

h 

2.088xl0-3m-1 

2.744xl0-3m-1 

h 

3.890jcl0~4m_1 

SJStixlO^m-1 

u0 

1.0290 Me  V 

1.1541MeV 

aE 

E 

6.115X10-4 

6.782X10"4 

<*z 

1.565xl0_2m 

1. 739x1 0_2m 

Table  1 .  The  synchrotron  integrals  for  CESR  for  the  case 
when  the  wiggler  magnets  are  open  (CHESS  is  not 
collecting  data)  or  closed. 


Wigglers 

RMS  oz(mm) 

Asymmetry  Factor 

Closed 

17.89  ±0.35 

-0.020  ±0.022 

Open 

15.91  ±0.12 

-0.0024  ±0.029 

Table  2.  The  CESR  low  current  bunch  length  results 
with  wiggler  magnets  open  and  closed. 


The  longitudinal  distribution  at  low  current  is 
valuable  to  minimize  collective  effects  and  gives  the 
opportunity  to  compare  the  CESR  model  with  the  time 
calibration  of  the  streak  camera.  The  results  of  the  streak 
camera  measurements  at  low  current  (Table  2)  can  be 
compared  with  the  CESR  model  (Table  1).  There  is  a 
systematic  difference  between  the  CESR  model  and  the 
measured  values.  The  theoretical  bunch  length  is  3.3% 
smaller  than  the  measured  bunch  length  when  the  wiggler 
magnets  are  closed,  and  2.1%  smaller  than  the  measured 
bunch  length  when  the  wiggler  magnets  are  open.  A 
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single  snap  shot  of  the  bunch  distribution  with  the 
wiggler  open  and  closed  is  shown  in  Figures  1  (a)  and  (b). 


Figure  1.  A  single  data  acquisition  of  the  bunch 
distribution  in  CESR  with:  (a)  the  wiggler  magnets  closed 
at  a  current  of  1.4  mA.  (b)  The  wiggler  magnets  open  at 
a  current  1.4  mA. 

At  low  current,  the  collective  effects  for  the  bunch  are 
small.  As  a  result,  the  equilibrium  bunch  length  in  a 
storage  ring  is  inversely  proportional  to  the  square  root  of 
the  RF  accelerating  gap  voltage.  At  low  current  the 
electron  bunch  length  in  CESR  was  measured  as  a 
function  of  RF  accelerating  voltage.  The  mean  and  root 
mean  error  were  calculated  at  each  RF  setting  and  plotted 
in  Figure  2(a).  Fitting  the  data  to  the  function 

Oz  =  A(VRF)m  gives  a  value  of  m  =  -0.43  ±  0.02 . 

The  measurement  was  also  made  at  high  current.  The 
mean  and  root  mean  error  were  calculated  at  each  RF 
setting  and  plotted  in  Figure  2(b).  Fitting  the  data  to  the 

function  az  =  A(VKF)m  gives  a  value  of 
m  =  -0.40  ±0.04. 

Comparing  the  low  and  high  current  results,  it  can  be 
concluded  that  the  dependence  of  the  bunch  length,  on  the 
RF  accelerating  voltage,  does  not  change  as  the  current 
changes  in  CESR  and  m<0.5. 


accelerating  voltage  when  the  current  in  CESR  is  (a) 
3.20  mA  and  (b)  15.00  mA. 

3  CESR  HIGH  CURRENT 
MEASUREMENTS 

The  electron  bunch  distribution  was  measured  for  currents 
from  1  mA  up  to  35  mA  with  wigglers  open  and  closed. 
A  plot  of  the  bunch  length  and  asymmetry  factor,  as  a 
function  of  current,  with  the  wigglers  open  and  closed  is 
shown  in  Figures  3(a)  and  (b). 

There  are  several  noteworthy  features  of  the 
experimental  data:  1)  There  is  a  12%  growth  in  the  bunch 


length  between  the  currents  from  1  to  30  mA.  2)  The 
asymmetry  factor  (shown  in  Figures  4  (a)  and  (b)),  which 
measures  the  departure  from  a  Gaussian  distribution, 
increases  in  both  cases  as  a  function  of  current.  The 
asymmetry  factor  is  linear  with  current,  whether  the 
wigglers  are  open  or  closed.  3)  The  tail  of  the  distribution 
gets  longer  as  the  current  increases,  which  is  a  signature 
of  potential  well  distortion  due  to  the  resistive  impedance 
of  the  vacuum  chamber.  Figures  5  (a)  through  (c)  are 
single  data  acquisition,  at  three  different  currents,  fit  to  an 
asymmetric  Gaussian  function.  These  distributions  can  be 
used  to  determine  the  vacuum  chamber  impedance  of 
CESR. 


Bunch  Current  (mA)  Bunch  Current  (mA) 


Figure  3.  The  bunch  length  in  CESR  as  a  function  of 
current  for  wiggler  magnets:  (a)  open  and  (b)  closed. 


Bunch  Current  (mA)  Bunch  Current  (mA) 


Figure  4.  The  asymmetry  factor  as  a  function  of  current 
in  CESR  for  wiggler  magnets:  (a)  open  (b)  closed. 


distribution  when  the  wiggler  magnets  are  open,  and  a 
single  bunch  current  is  (a)  5.40  mA,  (b)  15.0  mA,  and  (c) 
30.5  mA. 
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4  CESR  IMPEDANCE 


In  the  same  manner  that  the  RF  accelerating  fields  affect 
the  bunch  distribution,  beam  induced  voltages  from 
longitudinal  wakefields  also  influence  the  shape  of  the 
bunch  distribution  [2,3].  With  potential  well  distortion, 
the  bunch  distribution  is  static  but  distorted  from  a 
Gaussian  distribution  by  the  beam  induced  voltage.  We 
observe  in  CESR  a  greater  distortion  for  higher  beam 
current.  Assuming  that  the  bunch’s  wakefield  may  be 
parameterized  by 

Vw(t)  =  RIb(t)  +  L^-, 

the  charge  distribution  can  be  determined  numerically  by 
integration  [3].  Under  the  assumption  that  the  resistance 
and  inductance  are  constant  over  the  measured  range  of 
bunch  lengths,  the  resistive  and  inductive  impedance 
components  of  the  CESR  storage  ring  vacuum  chamber 
are  determined  from  a  £2  fit  between  the  measured  bunch 
distributions  and  the  simulated  bunch  distributions.  The 
X  fit  is  given  by 

a  %) 

where  S(r,)  and  M(tt )  are  the  simulated  and  measured 


bunch  height  at  time  in  the  distribution.  From  the 

minimum  x2  fit  the  resistance  and  inductance  for  each 
current  setting  are  inferred  to  be 


Ropen  ~  1523  ±  343f2  and  Rdosed  =  13221310Q 
and 

Lopen  =  65 ±  12 nH  and  Lclosed  =  72  ±  l3nH . 


Figure  6.  The  measured  and  simulated  bunch  length  as  a 
function  of  current  when  the  wiggler  magnets  are  (a)  open 
and  (b)  closed. 


Single  Bunch  Current  (mA)  Single  Bunch  Current  (mA) 


Figure  7.  The  measured  and  simulated  bunch  asymmetry 
as  a  function  of  current  when  the  wiggler  magnets  are  (a) 
open  and  (b)  closed. 


The  uncertainties  were  determined  by  varying  the 
simulation  over  the  range  of  measurement  errors  on  the 
asymmetry  factor  and  rms  width.  Comparisons  between 
the  simulated  bunch  distributions  using  the  above 
resistance  and  inductance  and  the  streak  camera 
measurements  are  shown  in  Figures  6  and  7. 

5  CONCLUSION 

In  this  paper,  we  have  reported  the  results  from  the  single 
bunch  streak  camera  measurements  that  were  done  for  the 
first  time  at  CESR.  These  experiments  allowed  us  to 
resolve  the  details  of  the  beam  distribution  not  available 
by  other  techniques.  We  have  also  established  that  the 
potential  well  distortion  is  the  main  single  bunch 
collective  effect  in  CESR.  It  leads  to  some  asymmetry 
and  lengthening  of  the  beam  distribution  at  high  current. 
We  have  looked  for  single  bunch  coherent  instabilities  but 
have  not  registered  any  up  to  the  highest  value  of  current 
allowed  by  the  CLEO  detector  background  thresholds. 
Finally  we  have  also  established  that  the  wiggler  magnet 
changes  the  synchrotron  integrals,  as  expected,  resulting 
in  a  change  in  bunch  length. 

The  low  current  single  beam  bunch  length 
measurements  are  in  close  agreement  with  a  simple 
theoretical  model  of  CESR.  The  bunch  length  growth 
with  current,  when  the  wiggler  magnets  were  closed  and 
opened,  was  used  to  determine  the  impedance  of  CESR,  in 
this  model. 

The  assumption  that  the  resistive  and  inductive 
impedance  is  constant,  over  the  bunch  lengths  measured, 
is  consistent  with  the  results.  The  impedance  was 
determined  by  comparing  the  measured  bunch  length 
dependence  on  the  current  and  comparing  it  to 
simulations.  With  this  method,  the  vacuum  chamber 
impedance  has  a  resistance  of  1523±343Qand 
1322  +  310Q  and  an  inductance  of  65±12nH  and 
72  ±  1 3nH  for  the  case  of  the  wiggler  magnets  open  and 
closed,  respectively. 

These  measurements  confirm  our  understanding  of  the 
theoretical  model  of  the  CESR  and  were  valuable  in 
exploring  the  possible  future  usage  of  streak  cameras  as  a 
diagnostic  tool  in  the  CESR  accelerator  complex. 
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Abstract 


i-th  BPM  is  calculated  by 


We  have  measured  beta  functions  using  single  kick  closed 
orbit  at  KEKB.  The  measured  beta  functions  were  com¬ 
pared  with  the  model  lattice  and  gradient  errors  were  ex¬ 
tracted  from  the  result  in  a  beta  beat.  The  gradient  errors 
were  also  obtained  by  changing  strength  of  steering  mag¬ 
nets  and  measuring  beam  positions  as  the  second  method. 
The  methods  of  the  error  estimation  and  preliminary  results 
will  be  reported. 


KEKBfl]  is  an  asymmetric-energy,  double-ring,  electron- 
positron  collider.  The  beam  energy  is  3.5  GeV  for 
positron(LER)  and  8.0  GeV  for  electron(HER),  respec¬ 
tively.  The  requirement  of  the  peak  luminosity  is 
1034cm_2s_  1  for  study  of  CP  violation.  In  order  to  achieve 
such  high  luminosity  operations,  large  beam  current  and 
small  (3*  which  is  the  beta  function  at  I.P.  in  the  vertical 
plane  are  needed.  The  /?*  =  1cm  optics  has  been  done  suc¬ 
cessfully  for  both  rings.  The  final  focusing  of  two  beams 
is  provided  by  a  pair  of  super  conducting  quadrupole  mag¬ 
nets  which  are  called  QCS.  The  small  (3*  produces  a  large 
amount  of  chromaticity  which  makes  the  field  of  sextupole 
magnets  strong.  The  nonlinear  of  sextupole  magnets  re¬ 
duces  the  transverse  dynamic  aperture.  It  is,  therefore,  con¬ 
sidered  to  use  a  pair  of  identical  sextupole  magnets  which 
are  connected  with  a  -V  transformer  in  both  the  horizon¬ 
tal  and  vertical  planes.  The  nonlinear  effect  due  to  the 
sextupole  magnets  should  be  compensated  by  the  -I'  trans¬ 
former  up  to  the  third  order  in  Hamiltonian. 

Diagnostics  of  the  lattice  has  been  studied  since  the  com¬ 
missioning  of  KEKB  started  in  December  1998.  Measure¬ 
ments  of  the  closed  orbit  distortion(COD)  give  us  a  large 
amount  of  information  for  a  lattice. 

The  formula  for  the  closed  orbit  distortion,  Ax,  induced 
by  a  single  steering  magnet  is 

A  Xi  =  Rij9j,  (1) 


Rij  — 


yj PiPj 

2sinf 


4>i  ~  il>j  |) 


ViVj 

aC' 


(2) 


where  fi  =  2-nu  is  the  betatron  tune,  is  the  betatron 
phase  advance,  /3  is  the  betatron  function,  ri  is  the  disper¬ 
sion  function  between  two  locations,  a  is  the  momentum 
compaction  factor,  and  C  is  the  circumference  of  the  ring. 
If  the  last  term  of  eq.(2)  can  be  ignored  and  the  location  at 
a  pair  of  the  steering  magnet  and  the  BPM  is  considered, 
the  beta  function  is  obtained  from 

A=2(Aa)..a»fi  (3) 


When  the  beta  functions  have  been  measured  and  a 
significant  discrepancy  between  the  measurement  and  the 
model  has  been  found,  the  sources  of  the  discrepancy  can 
be  specified.  If  the  error  sources  come  from  a  gradient  er¬ 
ror  in  one  or  more  of  quadrupole  magnets,  the  difference 
of  measured  from  the  model  beta  functions  are  described 
as  follows: 

A f3j  =  Y]  cos(fi  -  2  I  ipj  -  rpm  |)  •  A Km,  (4) 

z  sm  u 

m 

where  A  Km  is  the  gradient  error  of  the  m-th  quadrupole 
magnet(method- 1 ). 

On  the  other  hand,  assumed  that  the  error  is  the  gradi¬ 
ent  error  of  the  quadrupole  magnets,  the  measured  COD 
induced  by  a  single  steering  magnet  is  written  by 

AxmeaS.  =  ^model  +  £  RimAKmAx^odel ,  (5) 

m 

where 

Ax™odel  =  RijOj  (6) 

AxZodel  =  RmjQj,  (7) 


where  6j  is  a  kick  angle  of  the  j-th  steering  magnet.  The  where  and  Rmj  are  the  response  coefficients  from  the  j- 
response  coefficient,  Rij  of  the  j-th  steering  magnet  to  the  th  steering  magnet  to  the  i-th  BPM  or  the  m-th  quadrupole 
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magnet,  respectively.  The  last  term  of  eq.  (5)  is  the  cor¬ 
rection  term  due  to  the  gradient  errors  of  the  quadrupole 
magnets  against  the  model(method-2). 

Another  constraint  to  determine  the  errors  of  the  lattice 
is 


A  Km  =  ±— —  {cot/x(cos  A/x 
Pm 


1)  4-  sin  A/4,  (8) 


where  A n  is  defined  by  ^meas-  —  ^ model ;  an(j  the  ±  sign 
refers  to  the  horizontal  and  vertical  planes,  respectively.  If 
the  tune  changes  small  and  not  close  to  the  half  integer  or 
integer  resonances,  eq.  (8)  can  be  simplified  as  follows: 


An~±±Y,P™AKr, 


(9) 


with  taking  all  gradient  errors  into  account. 

In  order  to  extract  the  gradient  errors  of  the  lattice,  there 
are  two  methods  as  described  above.  The  beta  function  at 
I.P,  f3*  —  1  cm  optics  was  utilized.  The  horizontal-vertical 
coupling  has  been  neglected.  Before  the  measurements  of 
the  COD,  orbit  corrections  with  the  steering  magnets  were 
performed.  There  are  462  horizontal  and  456  vertical  steer¬ 
ing  magnets  available  in  LER.  In  this  analysis,  87  horizon¬ 
tal  and  88  vertical  steering  magnets  were  chosen  to  measure 
the  single,  kick  closed  orbit.  The  dispersion  functions  at 
those  steering  magnets  are  less  than  0.1m  in  order  to  avoid 
the  uncertainties  of  dispersion  functions  between  the  model 
and  the  real  machine. 

There  are  449  BPMs  available  to  measure  the  beam  posi¬ 
tions.  The  beam  positions  are  determined  by  an  average  of 
8  measurements  and  the  resolutions  of  the  BPMs  are  typ¬ 
ically  less  than  5/jm.  The  closed  orbit  has  been  measured 
at  BPMs  before  and  after  changing  every  steering  magnets 
along  the  ring  to  minimize  effects  of  orbit  drifting.  The  or¬ 
bit  drifting  at  large  beta  function  was  less  than  200/um  in 
horizontal  and  1  mm  in  vertical  plane  during  this  measure¬ 
ment,  respectively.  Each  steering  magnet  is  set  to  the  kick 
angle  of  50/xrad  added  to  the  original  setting. 

The  beta  functions  were  measured  by  the  beam  position 
and  a  single  kick  angle  from  eq.  (3).  Measured  transverse 
tunes  were  used  in  eq.  (3).  Difference  between  the  beta 
functions  at  the  steering  magnet  and  those  of  the  nearby 
BPM  is  typically  less  than  10%  which  is  estimated  from  the 
model  calculation.  We  used  SAD  program[2]  to  calculate 
twiss  parameters  of  the  lattice  model.  Figure  1  shows  the 
beta  functions  at  BPMs  nearby  the  steering  magnet.  A  sig¬ 
nificant  discrepancy  between  measured  beta  functions  and 
those  of  the  model  without  corrections  can  be  found(fig. 
1(a)).  In  most  cases,  the  difference  from  the  model  beta 
function  will  be  a  beta  beat  which  is  an  oscillation  of  the 
measured  beta  function  around  the  design  beta  function  at 
twice  the  betatron  frequency.  The  gradient  errors  were  es¬ 
timated  by  eq.  (4)  using  an  iterative  procedure(Micado[3]). 
In  eq.  (4)  measured  transverse  tunes  are  utilized  and  be¬ 
tatron  phase  advances  are  also  scaled  by  the  ratio  of  mea¬ 
sured  to  the  model  tunes.  The  error  source  is  identified 


Figure  1:  The  /3  functions  at  BPMs  nearby  the  steering 
magnet  which  induces  a  single  kick  closed  orbit.  The  mea¬ 
sured  beta  functions(plots)  and  the  model  calculations  for 
(a)  no  correction  and  (b)  after  corrections  in  the  vertical 
plane.  The  solid  line  in  fig.  (b)  shows  only  correction  of 
QCS  magnet  identified  from  method- 1  and  the  dashed  line 
shows  correction  of  the  QCS  and  other  quadrupole  magnets 
from  method-2. 


with  QCS  magnets  which  locate  at  vicinity  of  the  interac¬ 
tion  point.  The  strength  of  magnetic  field  was  stronger  than 
the  expected  value  by  0.47%.  Figure  1  (b)  shows  the  cor¬ 
rected  model  for  the  QCS(solid  line)  and  the  beta  functions 
from  the  model  lattice  can  well  reproduce  the  measured 
beta  functions.  After  the  correction  of  QCS,  measured  ver¬ 
tical  tune  is  different  from  the  model  by  0.18,  on  the  other 
hand,  the  difference  before  the  correction  was  0.25. 

Figure  2  represents  the  typical  single  kick  closed  orbit 
in  the  vertical  plane  at  LER.  The  model  calculation  after 
the  correction  of  QCS  agrees  with  the  measured  beam  po¬ 
sitions  at  BPMs. 


0  200  400  600  800  1000  1200  1400 


z(m) 

Figure  2:  The  single  kick  closed  orbit  in  the  vertical  plane 
for  a  half  of  circumference  at  LER.  The  plots  shows  mea¬ 
sured  beam  positions  by  BPMs  and  the  solid  line  shows 
those  of  the  lattice  model  with  corrections  of  the  gradient 
errors  for  the  QCS  magnet. 
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Figure  3  shows  the  gradient  errors  obtained  from  eq. 
(5)  and  eq.  (9).  The  gradient  error  for  all  quadrupole 
magnets  are  estimated  by  one  single  kick  closed  orbit. 
In  order  to  derive  the  gradient  errors,  the  singular  value 
decomposition(SVD)[4]  is  performed  to  solve  equations 
described  above.  Because  multiple  error  estimations  for 
each  quadrupole  magnet  are  available,  the  average  of  errors 
and  the  standard  deviations  are  plotted  in  fig.  3.  Not  only 
the  gradient  error  of  the  QCS  but  also  a  series  of  defocusing 
quadrupole  magnets(QD3P,  QD5P)  can  be  found.  Those 
quadrupole  magnets  are  connected  to  the  same  power  sup¬ 
ply.  The  beta  functions(dashed  line)  calculated  by  the 
model  after  corrections  of  QCS  and  other  quadrupole  mag¬ 
nets  are  superimposed  in  fig.  1  (b)  and  also  reproduce  the 
measured  beta  functions  well. 

The  error  estimations  between  method- 1  and  method-2 
are  consistent  with  each  other  for  the  QCS.  However,  the 
gradient  errors  of  quadrupole  magnets  besides  the  QCS 
were  not  clearly  found  by  method- 1  against  method-2.  The 
reason  is  that  one  BPM  is  used  for  one  single  kick  in 
method- 1,  on  the  other  hand,  all  BPMs  are  used  for  one  sin¬ 
gle  kick  and  more  information  can  be  obtained  in  method- 
2. 
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Figure  3:  The  gradient  errors  of  quadrupole  magnets  pre¬ 
dicted  by  method-2  at  LER.  Error  bar  shows  the  standard 
deviation  estimated  from  the  measurements  using  a  single 
kick  orbit  induced  by  every  steering  magnets.  The  first 
and  last  number  of  quadrupole  magnet  corresponds  to  the 
QCS  magnets  in  question.  A  series  of  quadrupole  magnets 
which  have  small  gradient  errors  are  found  systematically. 


Figure  4:  The  /3  functions  at  BPMs  nearby  the  steering 
magnet  which  induces  a  single  kick  closed  orbit  after  ad¬ 
justment  of  the  real  QCS.  The  solid  line  shows  the  beta 
functions  calculated  by  the  lattice  model. 

We  have  measured  beta  functions  using  the  single  kick 
closed  orbit.  The  gradient  errors  of  quadrupole  magnets 
have  been  estimated  using  two  methods.  The  gradient  error 
of  the  QCS  could  be  found  by  both  methods.  The  corrected 
model  calculations  can  well  reproduce  the  measured  beta 
functions  and  the  measured  closed  orbit  by  BPMs.  The 
error  of  the  QCS  was  also  verified  from  a  magnetic-field 
measurement  independent  of  this  analysis  and  K  value  of 
the  real  QCS  was  corrected  by  0.37%.  Figure  4  shows  the 
measured  beta  functions  compared  with  the  model  after  this 
correction.  The  errors  of  other  quadrupole  magnets  were 
also  found  by  method-2,  however,  those  are  still  under  in¬ 
vestigation.  The  HER  should  be  studied  and  in  progress. 

We  would  like  to  thank  the  KEKB  Operations  staff  for  their 
help  with  this  experiment. 
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Abstract 

After  entering  into  the  full-commissioning  phase  of  the 
KEKB  linac  in  May,  1998,  we  have  established  two  linac 
injection  modes  for  the  KEKB  ring:  an  8-GeV  electron 
beam  and  a  3.5-GeV  positron  beam,  as  well  as  beam 
modes  for  the  rings  of  the  synchrotron  light  sources.  All 
modes  are  easily  switched  for  almost  one  minute  without 
any  trouble.  The  linac  beam  characteristics  have  been 
substantially  improved  by  introducing  several  fine-tuning 
procedures,  while  key  features  concerning  stable 
operation  have  been  pursued  by  employing,  for  instance, 
energy-feedback  loops.  We  report  on  the  present  status  of 
the  linac  commissioning  while  especially  emphasising  the 
operational  characteristics. 

I  INTRODUCTION 

The  KEK  electron-positron  linac  is  the  injector  for  two 
asymmetric  rings  (8-GeV  electron  and  3.5-GeV  positron 
rings)  of  the  KEK  B-factory  (the  KEKB  linac  is  named 
just  after  this),  as  well  as  for  two  different  rings  (2.5-GeV 
electron  rings)  of  the  Photon  Factory  (PF).  It  has  been 
pointed  out  that  since  beam-mode  switching  among 
various  kinds  of  beams  should  be  quite  frequent,  perfect 
reproducibility  of  each  beam  could  be  one  of  the  key 
issues  for  the  successful  operation  of  the  KEKB  ring  [1], 
which  requires  frequent  and  speedy  injection  for  high- 
luminosity  collisions. 

Full-commissioning  of  the  KEKB  linac  [2]  was  started  in 
May,  1998,  while  continuing  ordinary  injection  into  the 
PF  ring.  The  principal  goal  of  the  full  commissioning  was 
to  accomplish  stable  operation  for  injection  to  the  KEKB 
rings  as  well  as  to  assure  efficient  injection  to  two  PF 
rings.  The  beam  reproducibility  has  been  pursued  mainly 
regarding  three  aspects:  the  establishment  of  reliable 
beam-mode  switching,  various  improvements  of  the  beam 
quality,  and  beam-stability  issues.  In  the  following,  the 
present  status  of  the  linac  commissioning  is  reported 
while  placing  particular  emphasis  on  these  issues. 

2  BEAM-MODE  SWITCHING 

2.1  Beam  Modes 

In  Table  I,  two  beam  modes  for  KEKB  and  two  modes  for 
PF  are  listed,  showing  a  wide  variety  of  beam 
characteristics:  a  beam  energy  of  2.5  to  8  GeV  and  a  beam 
charge  of  0.3  to  10  nC.  Beam-mode  switching  among 


these  modes  requires  a  change  of  at  least  several  hundred 
parameters:  the  magnetic  field  strength  for  the  beam 
optics  and  orbit,  the  accelerating  rf  phases  and 
acceleration/standby  modes  of  the  klystrons  for  the  energy 
and  energy  spread,  the  feedback  parameters  for  beam 
stability,  the  beam-monitor  settings  for  beam  diagnosis 
and  so  on. 


Table  1 :  Beam-mode  specifications 


Mode 

Energy 

Charge 

KEKB  e 

8.0  GeV 

1.2  nC,  single  bunch 

KEKB  e+ 

3.5  GeV 

10  nC  for  primary  e 

0.64  nC  for  e\  single  bunch 

PF1 

2.5  GeV 

0.3  nC,  multibunch 

PF2 

2.5  GeV 

0.5  nC,  multibunch 

2.2  Switching  Beam  Modes 

A  beam-mode-switching  panel  (Fig.  1)  has  been  prepared 
so  that  all  of  the  parameters  can  be  easily  and  quickly 
changed  among  the  beam  modes.  For  the  present,  we  are 
using  two  electon  guns  for  the  KEKB  and  PF  beams, 
respectively,  which  was  inevitable  because  we  had  to 
continue  injection  to  the  PF  rings  even  during  construction 
of  the  KEKB  linac  [3].  This  situation  makes  beam 
switching  between  the  KEKB  and  PF  beams  quite 
complicated,  though  this  situation  will  be  improved  in  the 
future.  Since  the  energy  ranges  from  2.5  to  8  GeV  and  the 
field  strength  of  quadrupole  magnets  must  be 
correspondingly  changed,  we  have  introduced  a  simple 
standardization  of  the  magnets  so  as  to  avoid  any 
hysteresis  effects.  This  procedure  mainly  determines  an 
overall  time  for  switching  of  almost  1  minute.  A 
reliability  check  has  been  carried  out  not  only  by 
examining  the  beam  characteristics  along  the  linac,  but 
also  by  actually  injecting  each  beam  into  the 
corresponding  ring.  It  has  turned  out  that  beam  switching, 
itself,  in  a  short  period  is  quite  reliable,  although  a  long¬ 
term  drift  of  the  beam  characteristics  has  been  observed 
(see  section  4). 
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Figure  1:  Beam-mode  switching  panel. 


3  IMPROVEMENTS  OF  BEAM  QUALITY 

3.1  Software  Feedback  Loop 

Some  software  feedback  loops  have  been  introduced  in 
order  to  stabilise  the  gun  energy,  the  powers  of  two  sub¬ 
harmonic  bunchers  (SHB)  and  the  beam  energy  and  the 
orbits  at  the  J-arc  section  (1.5  GeV)  and  at  the  end  of  the 
linac,  while  hardware  feedback  loops  are  implemented  for 
the  rf  phase-lock  system  in  the  SHBs.  Fig.  2  shows  an 
example  of  the  feedback  panels  [4].  The  time  constant  of 
the  software  feedback  is  over  several  seconds.  As  a  result, 
the  medium-period  drift  during  beam  injection  was  greatly 
improved.  A  sudden  large  variation  of  the  quantities, 
however,  which  is  discussed  in  the  next  section,  can  not 
be  cured  by  this  feedback,  simply  because  the  dynamic 
range  is  limited  by  various  boundary  conditions. 

3.2  Wire  Scanners  for  Matching 

There  are  several  regions  where  optics  matching  is 
necessary:  at  the  exit  of  the  bunching  section,  before/after 
the  J-arc  section  and  at  the  end  of  the  linac.  In  order  to 
facilitate  and  automate  this  matching,  sets  of  a  wire 
scanner  system  comprising  at  least  three  monitors  at 


appropriate  intervals  in  each  section  were  installed  and 
hardware-tested  to  measure  the  beam  size  [5],  Recently, 
the  software,  which  nearly  automates  the  optics  matching 
as  well  as  the  beam-size  measurement,  has  been 
completed  and  beam-tested  at  the  beam-transport  line  to 
the  KERB  ring.  The  results  so  far  obtained  are  quite 
satisfactory  and  will  be  applied  to  the  above-mentioned 
section  at  the  linac. 


Figure  2:  Example  of  the  feedback  panels,  (upper:  control 
panel,  lower:  status  log) 
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4  STABILITY  ISSUES 

The  beam-stability  issues  in  our  linac  are  somehow 
complicated  in  that  we  must  accomplish  stable  operation 
of  different  kinds  of  beams  repeating  a  frequent  beam 
switching.  A  simple  classification  concerning  the  stability, 
such  as  long-  or  short-term  variations,  is  not  clear,  since 
only  one  beam  can  not  be  continuously  observed  for 
monitoring.  It  may  happen  that  the  status  of  some 
equipment  changes,  even  during  beam  switching.  In  this 
case,  for  instance,  it  is  not  easy  to  identify  the  sources  of 
variations  by  observing  just  the  status  of  different  beams. 
In  this  connection,  various  efforts  to  search  for  the  sources 
of  variation  have  been  pursued  through  deriving 
information  from  the  status  of  not  only  the  beams,  but  also 
all  equipment. 

4.1  Search  for  Sources  of  Orbit  Variation  by 
Singular  Value  Decomposition  (SVD) 

The  technique  of  singular  value  decomposition  (SVD)  [6] 
was  applied  to  search  for  the  sources  of  the  orbit  variation 
from  the  exit  of  the  bunching  section  to  the  two  upstream 
sectors  of  the  linac.  The  matrix  comprises  time  sets  of  the 
row  vectors  consisting  of  the  signals  of  many  beam- 
position  monitors  (BPM)  along  the  linac.  Figure  3  shows 
an  example  of  the  orbit  patterns  corresponding  to  the 
largest  singular  value.  It  seems  that  the  sources  of  orbit 
variation  originate  just  at  the  beginning  of  the  linac.  We 
have  tried  to  identify  them  by  checking  the  corresponding 
equipment,  but  have  not  yet  succeeded. 


Figure  3:  Example  of  the  orbit  patterns  corresponding  to 
the  largest  singular  value  by  the  SVD  method. 

4.2  Reinforcement  of  Stability-Monitoring 
System 

In  order  to  identify  the  sources  of  variation,  a  stability¬ 
monitoring  system  is  being  prepared.  One  of  the  most 
essential  systems  is  an  rf  phase-monitoring  system.  For 
the  moment,  this  system  works  only  in  three  upstream 
sections,  but  has  already  been  shown  to  be  a  quite 
powerful  tool  for  stability  monitoring.  For  instance,  it  has 
turned  out  that  the  phase  of  the  first  klystron  for  the 
bunching  section  sometimes  varies  by  a  few  degrees  (Fig. 
4),  possibly  due  to  the  environmental  temperature. 


Another  example  of  a  new  monitoring  system  is  a  fast 
BPM  detection  system  [7],  in  which  data- taking  at  a  beam 
repetition  rate  of  50  Hz  can  be  realized.  A  FFT-analysis 
of  the  data  taken  at  a  point  of  large  dispersion  in  the  J-arc 
section  suggests  the  existence  of  energy  variations,  rather 
than  simple  orbit  fluctuations,  in  the  upstream  sections.  A 
statistical  treatment,  such  as  a  correlation  analysis,  for  all 
data  taken  by  the  above-mentioned  system  is  being 
applied  in  order  to  figure  out  what  is  happening  in  the 
linac. 


Figure  4:  Observed  phase  variation  of  the  first  klystron  for 
the  bunching  section  (upper). 

5  CONCLUSIONS 

Two  linac  injection  modes  for  the  KEKB  rings  and  those 
for  the  Photon  Factory  rings  have  been  established. 
Beam-mode  switching  among  four  kinds  of  beams  has 
been  successfully  verified  by  injecting  a  beam  into  each 
ring,  employing  various  beam-tuning  procedures, 
including  feedback  loops.  The  operation  experience  so  far 
indicates  that  there  are  some  stability  issues  to  be  figured 
out  in  order  to  maintain  a  high-quality  beam.  Many 
efforts  are  being  made  to  identify  the  sources  of  variations. 
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Abstract 

The  3  km  long  linac  of  the  Stanford  Linear  Accelerator 
Center  (SLAC)  has  for  many  years  provided  low 
emittance  beams  for  the  SLC  collider.  With  the  beginning 
of  the  operation  of  the  B-Factory,  PEP-II,  the  linac  will 
now  serve  primarily  as  an  injector  for  the  low  (LER)  and 
high  energy  rings  (HER)  of  PEP-II.  The  different  beams 
are  stabilized  by  a  new  regional  linac  energy  management 
(LEM)  program,  which  keeps  the  magnet  strengths  and 
therefore  the  deflections  constant  at  each  of  the  four 
extraction  points.  They  are  at  3.1  GeV  (positrons  for 
LER),  9  GeV  (electrons  for  HER),  25  GeV  (electrons  for 
the  positron  production),  and  28.5  GeV  (electrons  for 
other  purposes  such  as  test  beams,  plasma  experiments, 
and  iris  destruction  tests).  Since  many  components  of  the 
accelerator  can  be  configured  on  each  pulse,  it  is  possible 
to  run  these  beams  with  different  intensities,  bunch  length, 
energies,  rates,  etc.  Only  the  quadrupole  magnet  strengths 
are  fixed,  producing  different  lattices  for  different  energy 
beams,  which  must  be  matched  at  extraction  from  the 
linac.  Since  PEP-II  injection  does  not  require  all  of  the 
full  120  Hz  rate,  it  is  possible  to  run  other  experiments  at 
the  same  time.  That  might  include  an  extension  of  the 
SLC  run  or  a  high  charge,  fixed  target  experiment,  which 
will  require  some  additional  pulsed  magnets. 

1  INTRODUCTION 

For  the  SLC-collider,  the  SLAC  linac  ran  at  120  Hz  and 
co-accelerated  three  beams  together:  positrons,  electrons 
and  a  scavenger  bunch  to  the  positron  target  at  2/3  of  the 
linac  length.  For  the  PEP-II  era  the  main  purpose  is  to 
provide  a  stable  fill  rate  for  the  low  and  high  energy  ring. 
The  linac  runs  mainly  at  30  Hz  till  2/3  of  the  linac  and  60 
Hz  in  the  first  3  sectors  till  the  extraction  of  the  positrons 
into  the  by-pass  line.  So  there  are  the  following  rates 
available:  10  Hz  for  e_,  10  Hz  for  e_(scav)  and  an  extra  10 
Hz  for  an  e_-beam  for  additional  experiments  (like  plasma 
acceleration  or  plasma  lens  in  final  focus  test  beam  area, 
FFTB).  The  positrons  are  in  between  this  in  a  60  Hz 
timeslot.  On  demand  this  can  be  changed  to  30  Hz  e-  to 
HER,  or  30  Hz  e~(scav)  and  30  Hz  e+  to  LER  for  a  three 
times  faster  fill  rate. 

Besides  the  scheduling  issues,  the  linac  has  to  provide 
stable  and  sometimes  special  beam  properties  for  the 
different  beams. 


*Work  supported  by  Department  of  Energy  contract  DE-AC03- 
76SF00515. 


2  NEW  LEM 

The  linac  energy  management  program  (LEM)  keeps  the 
magnet  focussing  lattice  stable  by  accounting  for  the 
different  klystrons  which  accelerate  the  beam.  Since  each 
klystron  can  be  on  for  one  beam  and  off  for  another,  it  is 
impossible  to  adjust  the  magnets  to  the  same  lattice  on  a 
pulse  by  pulse  basis.  Different  strategies  are  possible. 

2.1  “Anti-LEM" 

During  the  SLC-run  the  PEP-positrons  got  decelerated  in 
their  last  part  in  the  linac  and  got  after  each  quadrupole 
adjustment  by  LEM  a  big  kick  in  the  last  quadrupole  where 
they  are  off-axis.  This  needed  corrector  changes  (anti- 
LEM)  and  re-matching  in  some  degree. 

2.2  Regional  LEM 

To  avoid  these  frequent  adjustments,  a  regional  LEM  was 
introduced,  which  keeps  the  end  energy  and  magnet 
strengths  for  each  of  the  four  beams  constant  (e+:  3.1  GeV, 
e“:  9  GeV,  e_(scav):  25  GeV,  e_(FFTB):  28.5  GeV).  This  is 
only  perfect  when  each  beam  has  the  same  acceleration. 
But  since  this  keeps  the  lowest  energy  beam  constant,  a 
higher  energy,  mismatched  beam  will  see  a  weaker  lattice, 
which  is  not  too  bad. 

2.3  Additional  Matching 

In  principle  this  mismatched  beam  could  be  re-matched 
after  the  lower  energy  beam  got  extracted  from  the  linac. 
This  was  never  tried  and  has  the  potential  of  disturbing 
other  careful  adjusted  beam  parameters  like  wakefield 
bumps  which  cancel  unknown  errors  at  a  special  betatron 
phases. 

2.4  Identical  Energy  Profiles 

This  leaves  only  the  solution  of  identical  energy  profiles. 
But  since  the  FFTB  beam  needs  a  big  initial  energy  spread 
for  transverse  stability,  which  is  accomplished  by  a  20° 
phase  offset  (BNS-damping),  the  energy  would  be 
different  again,  but  the  following  trick  helps.  By  timing 
the  klystrons  (which  use  SLED)  for  the  positrons  pulse 
240  ns  late,  so  that  the  accelerator  structure  is  not 
completely  filled,  the  e+-energy  on  the  rf-crest  is  adjusted 
to  be  identical  to  the  FFTB  beam,  which  is  20°  off  crest 
(see  Fig.  1). 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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SLED  Energy  Curve 


Time  ns 


RF  Sine  Curve 


Phase  [deg] 

Fig.  1:  Equal  beam  energies. 

Injecting  the  positrons  240  ns  early  on  crest  (left)  gives  the 
same  energy  like  being  20°  off  crest  but  on  the  peak  of  the 
(SLEDded)  klystron  fill  curve  (right). 


3  SENSITIVITY  TO  BEAM  CHANGES 

Since  the  PEP-II  rings  are  not  very  sensitive  to  changing 
beam  emittances  or  offsets,  the  tuning  is  much  relaxed, 
just  the  availability  for  filling  counts.  This  might  change 
when  background  issues  get  more  important  with  the 
BaBar  detector  in  place.  On  the  other  hand  the  FFTB 
beam  for  the  plasma  experiments  has  to  be  maintained  to 
much  better  accuracy.  For  instance,  when  the  linac 
steering  feedbacks  were  keeping  the  e-(scav)  “stable”,  the 
emittance  for  the  FFTB  beam  changed  easily  by  a  factor 
of  three.  By  switching  the  feedback  to  the  FFTB  beam, 
this  beam  has  stabilised,  but  also  helped  to  keep  the  other 
beams  in  a  smaller  range  of  variations. 


4  POSITRON  ENERGY  SPREAD 

Since  the  positrons  have  with  3.1  GeV  the  smallest  energy, 
their  energy  spread  is  still  dominated  by  the  energy  spread 
introduced  by  the  compression  in  the  ring-to-linac  section 
(RTL).  With  a  damping  ring  bunch  length  of  6  mm  and  an 
energy  spread  of  0.07%  at  1.19  GeV,  the  following  energy 
spreads  are  possible  (see  Tab.  1).  A  total  compression  on  a 
linear  slope  is  assumed,  and  wakefields  and  the  rf  sine 
curvature  in  the  linac  are  ignored. 


Table  1 :  Possible  Energy  Spreads 


Com¬ 

pressor 

A E 

<*2 

A E/E 
at  3.1  GeV 

30  MeV 

10.7  MeV 

0.47  mm 

0.34  % 

25  MeV 

8.9  MeV 

0.56  mm 

0.28  % 

15  MeV 

5.3  MeV 

0.94  mm 

0.17  % 

12  MeV 

4.3  MeV 

1.18  mm 

0.14% 

10  MeV 

3.6  MeV 

1.41  mm 

0.11  % 

This  table  seems  to  be  in  discrepancy  with  the  data  where  at 
27  MeV  a  0.15%  energy  spread  is  achieved  (see  below). 

4.1  Longitudinal  Emittance 

The  longitudinal  emittance  is  given  by  the  damping  ring  rf. 
The  maximum  reduction  is  about  10  %,  by  raising  the  rf 
amplitude  by  20  %. 

4.2  Longitudinal  Phase  Space 

The  longitudinal  phase  space  can  be  adjusted  by  lowering 
the  bunch  length  and  raising  the  energy  spread,  which  is 
mainly  done  in  the  compression  region.  Three  different 
corrections  come  to  mind  to  change  this  adjustment. 

•  Pre-compression  in  the  damping  ring:  This  will  lower 

the  bunch  length  and  therefore  the  non-linear  part  of 
the  compression  rf. 

•  Changing  R56  in  the  compression  region  (which  is  the 

basic  assumption  of  Table  1):  This  will  require 
changes  of  up  to  a  factor  of  three  in  magnet  strength, 
which  might  be  not  easily  feasible. 

•  Correlated  energy  spread  cancellation:  By  under¬ 

compressing  the  beam,  the  bunch  length  will  be  longer 
and  there  will  be  an  energy-length  correlation.  This 
correlation  can  be  taken  out  later  in  the  linac  by 
accelerating  the  beam  at  the  right  amount  off  crest. 
This  will  reduce  the  energy  spread,  giving  an 
explanation  why  at  27  MeV  the  energy  spread  can  be 
as  low  as  0.15  %  in  the  experiment. 

4.3  Simulations 

To  compare  the  analytic  result  with  reality,  the  longitu¬ 
dinal  phase  space  changes  were  simulated  taking  into 
account  the  linac  rf  and  wakefields.  Fig.  2  shows  the  1-,  2- 
and  3-sigma  contour  lines  after  the  compression  (RTL) 
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After  RTL 


RF  and  Wakefield  in  Linac 


Fig.  2:  Low  positron  energy  spread. 

By  cancelling  the  correlated  energy  spread  after 
compression  in  the  RTL  with  the  opposite  correlation  of 
the  linac  rf  (including  wakefields),  a  0.13%  energy  spread 
can  be  achieved. 

and  at  the  3.1  GeV  energy  point  in  the  linac.  By 
compensating  the  £-z-slope  of  the  under-compressed 
beam  with  the  slope  created  by  the  rf  in  the  linac  (and  the 
wakefield  for  2-1010  particles),  a  fitted  energy  spread  of 
0.13%  can  be  achieved  (plus  low  energy  tail).  The 
longitudinal  wakefields  help  to  flatten  the  curve,  which 
allows  a  longer  bunch  length,  making  a  better  correlation 
compensation  possible. 


5  DIFFERENT  BEAM  CHARGES 

At  21010  particles  per  bunch  the  beam  loading  within  the 
bunch  reduces  the  energy  by  nearly  2%  (compare  Fig.  2). 
This  implies  that  a  very  low  charge  (2109)  for  topping  of 


Positrons  at  3.1  GeV 


Energy  Distribution 


and  equalising  the  PEP-II  bunches  in  the  ring,  will  require 
a  different  energy  and  phase  in  the  linac.  This  is  also  true 
for  41010  FFTB  beams  or  a  fixed  target  experiment, 
running  together  with  PEP-II. 

6  SUMMARY 

PEP-II  requires  beams  with  different  property,  filling  or 
topping  of  the  rings  and  other  experiments  together  with 
PEP-II.  This  can  be  solved  mainly  by  pulsed  devices  or 
needs  a  compromise  in  the  set-up.  The  positron  energy 
spread  is  an  example,  where  a  careful  cancellation  can  be 
used  to  reduce  the  energy  spread  by  a  factor  of  two. 
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Abstract 

A  variety  of  background  detectors  were  installed  at  the  in¬ 
teraction  point  of  PEP-II  for  measurements  of  machine 
backgrounds  during  commissioning.  Results  from  these 
detectors,  machine  experiments,  and  simulations  have 
been  used  to  reduce  the  backgrounds  at  PEP-II  before  the 
installation  of  the  BaBar  physics  detector. 

1  INTRODUCTION 

The  PEP-II  collider  has  a  design  luminosity  of  3xl033 
cnrV,  which  requires  beam  currents  of  1  and  2  amperes 
in  the  rings.  The  synchrotron  radiation  flux  from  the 
magnetic  beam-separation  scheme,  and  the  particle  loss 
rate  from  beam-gas  scattering,  are  potential  sources  of 
high  backgrounds  for  the  BaBar  detector.  Many  detectors 
were  installed  at  the  interaction  point  (IP)  to  measure  the 
backgrounds,  from  the  start  of  PEP-II  commissioning. 
The  background  simulations  used  in  the  design  of  PEP-II 
were  enhanced  to  help  understand  the  measurements.  Dedi¬ 
cated  beam  experiments  were  done  to  diagnose  and  reduce 
the  backgrounds. 

2  DETECTORS 

An  X-ray  spectrometer  measured  the  synchrotron  radia¬ 
tion  (SR)  spectrum.  A  3x3x2  mm  cadmium-zinc-telluride 
crystal  was  enclosed  in  a  copper  collimator  with  3°  accep¬ 
tance  and  remotely  movable  lead  and  steel  filters.  The  col¬ 
limator  was  mounted  on  a  remotely  steerable  TV  camera. 
The  readout  was  through  a  local  pre-amplifier,  remote 
post-amplifier,  PC-based  pulse-height  analyzer,  and  rate- 
to-voltage  converter.  Energy  resolution  was  4%  at  6  keV 
to  1%  at  100  keV,  where  the  efficiency  began  to  fall  off. 
The  early  commissioning  IP  beam  pipe  had  poor  SR 
masking,  and  rates  >1  kHz/mA  were  observed.  Interest- 
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ingly,  the  spectra  had  prominent  Bragg-scattering  features, 
rather  than  the  expected  material  fluorescence  peaks.  The 
final  beam  pipe  had  much  better  masking,  with  X-ray 
rates  difficult  to  distinguish  from  lost-particle  (LP)  back¬ 
grounds. 

PIN  diodes  measured  both  SR  and  LP  backgrounds  on 
the  IP  beam  pipe.  Pairs  of  1  cm2,  300 jU  thick  reverse- 
biased  PIN  diodes  separated  by  1  mm  lead  absorbers  with  a 
thermally  coupled  thermistor  were  mounted  at  3  positions 
in  Z  and  8  in  phi.  Readout  was  20-bit  charge  integrating 
ADCs  with  analog  and  digital  filtering  giving  15  pA  reso¬ 
lution  on  currents  up  to  lfiA  at  7.5  Hz.  An  onboard  mi¬ 
crocontroller  asynchronously  passed  data  over  a  Controller 
Area  Network  bus  to  a  VME  single-board  computer  run¬ 
ning  vxWorks.  The  data  was  logged  to  disk  by  a  Java 
server  running  on  a  SUN  workstation.  Real-time  data  for 
beam-tuning  and  background  experiments  was  also  avail¬ 
able.  In  addition,  the  increase  in  leakage  current  over  time 
measured  the  integrated  radiation  dose  to  the  diodes,  cali¬ 
brated  by  the  offline  integrated  dose. 

A  BaBar  double-sided  silicon  strip  detector  with  final  ra¬ 
diation-hard  electronics  and  full  readout  chain  measured  oc¬ 
cupancies  next  to  the  beam  pipe.  Occupancies  were  ini¬ 
tially  very  high  but  decreased  to  0.5-1%  per  100  mA  of 
current  for  both  beams  by  the  end  of  commissioning. 
Large  steps  in  the  detector  leakage  current  were  observed 
over  the  running  period.  These  were  due  to  bursts  of  radia¬ 
tion  causing  bias  voltage  to  punch  through  strip  capaci¬ 
tors,  inducing  p-stop  shorts.  Bias  voltage  to  the  BaBar  sil¬ 
icon  vertex  tracker  will  be  turned  off  during  injection  to 
avoid  this  problem. 

The  Mini-TPC  detector  gave  fine-grain  3D  tracking  in¬ 
formation  from  4.5  to  10  cm  in  radius  (less  a  110°  wedge 
for  the  silicon  strip)  and  10  cm  in  Z.  It  had  6  sectors  of  8 
radius  rows  of  4  phi  cathode  pads  (trapezoidal  to  maximize 
charge  sharing),  and  operated  with  a  drift  field  of  200 
V/cm  at  a  gas  gain  of  50000.  The  gate  grid  normally  had 
+220  V  on  alternate  wires  to  reduce  space-charge  effects 
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and  was  opened  for  20  (is  at  a  few  Hz  for  readout.  The  pad 
pre-amps  were  5  m  away,  and  30  MHz  FADCs  digitized 
the  data,  which  was  recorded  to  disk  on  a  microVax.  Reso¬ 
lution  from  a  test-beam  at  CERN  was  25%  for  dE/dx, 
70;t  x  -yj Lcm  ©170/x  in  Z,  210 fX  in  R-phi,  and  9  and  4 
mrad  in  polar  and  azimuthal  angles.  An  event  display  and 
the  hit  and  track  counts  were  available  in  real  time,  and 
the  chamber  current  was  also  available  as  a  hardware  sig¬ 
nal.  A  detailed  Monte  Carlo  simulation  included  a  com¬ 
plete  digitization  in  the  miniTPC. 

The  Straw  Chamber  (originally  built  for  the  Crystal 
Ball)  was  544  aluminum  tubes,  4  mm  in  diameter,  34  cm 
long,  in  two  double  layers  at  13  and  17  cm  radius  from 
the  beam.  The  signal  from  both  ends  of  each  wire  was 
amplified  then  recorded  by  analog  storage,  multiplexing, 
and  a  NIM  ADC  combined  with  a  scanner-memory  mod¬ 
ule  in  a  CAMAC  crate  controlled  by  a  PC.  The  chamber 
current  also  gave  a  real-time  measurement  of  the  radiation 
level. 

The  Crystal  Ring  measured  the  MeV  photon  back¬ 
ground  using  12  CsI(Na)  crystals  with  photomultiplier 
tube  (PMT)  readout.  The  crystals  were  6x6x15  cm,  at  ra¬ 
dius  30  cm  from  the  beam,  on  a  trolley  that  scanned  ±80 
cm  in  Z.  A  RAID  8235  processor  running  EP/LX  con¬ 
trolled  a  CAMAC  crate  with  FERA  ADCs  that  could  be 
self-triggered  for  calibration  with  the  1.46  MeV  photons 
from  KC1  salt-substitute.  This  system  also  measured 
background  photon  spectra  at  low  beam  current.  The  PMT 
current  was  used  as  the  background  measurement  at  higher 
beam  current,  since  the  spectrum  was  dominated  by  pileup 
and  the  PMT  voltage  was  limited  by  anode  heating.  A 
fiber-optic  and  LED  pulser  system  propagated  the  calibra¬ 
tion  from  the  source+ADC  system  to  the  PMT  current 
system  at  lower  voltage. 

The  mini-Stand-Off-Box  (mSOB)  background  detector 
simulated  the  6000  liter  water  tank  with  10000  PMTs  on 
one  surface  that  is  the  external  part  of  the  BaBar 
Cherenkov  particle  identification  system.  The  mSOB  wa¬ 
ter  tank  was  1  ft3  with  a  quartz  window  at  one  face,  allow¬ 
ing  48  PMTs  to  view  the  Cherenkov  light  created  in  the 
water.  A  CAMAC  ADC  system  with  100-500  ns  gates 
was  controlled  by  a  small  Unix  workstation  via  GPIB. 
The  backgrounds  were  primarily  MeV  photons  which 
Compton  scatter,  making  electrons  just  above  Cherenkov 
threshold,  typically  producing  a  single  photoelectron  in  a 
single  tube.  Since  the  rate  was  high,  in  later  runs  a  single 
mSOB  tube  was  fed  into  a  frequency  to  voltage  converter 
for  real-time  measurements.  This  system  was  also  used 
with  (3  in)3  lead-glass  blocks  glued  to  PMTs,  with  a  sen¬ 
sitivity  similar  to  the  mSOB  but  easier  to  manipulate. 
The  mSOB  single-tube  rate  extrapolated  to  1  MHz  for  the 
HER  and  10  MHz  for  the  LER  at  design  currents,  moti¬ 
vating  the  construction  of  shielding  upstream  of  BaBar. 

The  BaBar  Calorimeter  Prototype  detector  measured  the 
photon  background  from  20  MeV  to  a  few  GeV.  It  was 
four  Csl  crystals  mounted  near  the  future  BaBar  endcap 
calorimeter  location,  read  out  by  PMTs  via  scalars  and 


ADCs  in  a  CAMAC  crate  controlled  by  a  Macintosh.  The 
single  crystal  rate  was  140  Hz  with  a  100  MeV  threshold 
for  a  LER  current  of  300  mA  in  February  1999.  A  drop  in 
the  light  yield  of  about  30%  has  been  found  after  an  expo¬ 
sure  estimated  to  be  a  few  hundred  rads. 

The  instrumented  flux  return  (IFR)  background  detector 
simulated  the  outer  layers  of  the  BaBar  IFR.  Eight  resis¬ 
tive  plate  chambers  (RPCs)  about  (1  m)2  and  operated  at  8 
kV  alternated  with  1.25  in  steel  plates,  with  the  first  and 
last  layers  covered  with  0.25  inch  of  steel.  Counting  rates 
as  a  function  of  position  were  recorded  using  BaBar  IFR 
electronics  and  a  CAMAC  crate  controlled  by  a  PC.  Early 
data  motivated  the  addition  of  shielding  on  the  two  ex¬ 
posed  edges  of  the  chambers,  and  the  corresponding  areas 
of  BaBar,  and  shielding  in  the  PEP-II  tunnels. 

An  array  of  8  RadFETs  was  positioned  at  the  future  in¬ 
ner  radius  of  the  BaBar  Csl  calorimeter  to  measure  the  in¬ 
tegrated  dose  via  threshold  shifts.  From  November  1998 
to  February  1999,  a  dose  of  about  600  rads  was  accumu¬ 
lated  in  unshielded  devices. 

3  SIMULATIONS 

The  program  SYNC_BKG  traced  the  beam  envelope 
through  the  magnets  near  the  IP,  calculated  the  number 
and  spectrum  of  SR  photons  from  each  magnet,  and  pro¬ 
jected  them  to  apertures  that  modelled  the  beam  pipe.  This 
was  input  to  MASKING,  which  used  EGS4  to  calculate 
the  number,  energy,  and  angle  distribution  of  the  photons 
that  scatter  from,  for  instance,  a  mask  tip  and  penetrate  the 
IP  beam  pipe  to  register  as  background  in  the  SVT. 
MASKING  could  also  generate  an  output  file  of  photons 
to  be  used  as  input  to  detector  simulations. 

Lost-particle  rates  from  bremsstrahlung  and  Coulomb 
scattering  were  calculated  with  the  LP_TURTLE  Monte 
Carlo,  derived  from  Decay  TURTLE.  The  optics  and  aper¬ 
tures  of  both  rings  were  modeled  for  their  entire  circumfer¬ 
ences.  Information  about  the  trajectory  of  particles  strik¬ 
ing  apertures  near  the  IP  was  stored  to  file  in  the  form  of 
ntuples.  LP_TURTLE  output  was  input  for  collimator 
placement  studies,  multi-turn  and  longitudinal  beam- 
dynamics  simulations,  and  detector  simulations. 

The  BaBar  detector  simulation  with  GEANT3  (BBSIM) 
includes  the  PEP-II  beam  pipe,  magnet  material,  and 
magnetic  fields  to  8  m  from  the  IP.  An  equally  complete 
simulation  was  done  of  the  IP  configuration  used  for  early 
commissioning  of  the  HER,  and  of  the  various  back¬ 
ground  detectors.  Rays  which  hit  TURTLE  apertures  close 
to  the  IP  were  backed  out  to  8  m  and  tracked  again  in 
BBSIM  since  it  has  a  more  detailed  3D  model  of  the  aper¬ 
tures  in  the  detector.  BBSIM  modelled  electromagnetic 
showering  and  energy  deposition  in  detectors. 

4  EXPERIMENTS 

Initially  backgrounds  were  much  higher  than  expected 
from  simulations.  Turning  off  distant  vacuum  pumps  in¬ 
creased  the  background,  indicating  that  distant  beam-gas 
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scattering  was  important,  which  had  not  been  included  in 
the  initial  LP_TURTLE  simulation.  Reducing  the  RF 
voltage  to  the  point  where  the  quantum  lifetime  was  short 
did  not  increase  the  backgrounds,  indicating  that  distant 
bremsstrahlung  was  not  dominant. 

Backgrounds  were  sensitive  to  beam  steering  at  the  IP, 
particularly  changes  in  IP  angle,  which  corresponds  to 
beam  position  in  the  high-beta  quads.  In  the  initial  IP  ge¬ 
ometry  with  poor  masking,  extreme  steering  bumps  varied 
the  SR  contribution  differently  from  the  LP  contribution, 
which  allowed  them  to  be  separated  in  some  detectors. 
Backgrounds  also  decreased  in  some  detectors  when  the  IP 
beta  function  was  increased,  decreasing  the  beam  size  in 
the  quads.  Later  in  commissioning,  single-sided  fixed  col¬ 
limators  were  installed  in  the  HER  350  m  upstream  of  the 
IP,  at  points  where  the  beam  could  be  bumped  close  the 
aperture.  This  reduced  backgrounds,  and  the  sensitivity  to 
steering  and  beta  function. 

Measuring  the  backgrounds  as  a  function  of  beam  cur¬ 
rent  was  very  informative.  Synchrotron  radiation  and 
beam-gas  scattering  on  base  pressure  and  give  linear  cur¬ 
rent  dependence,  and  beam-gas  scattering  on  dynamic  pres¬ 
sure  induced  by  the  beam  gives  a  quadratic  contribution. 
The  quadratic  term  was  dominant  at  high  current. 

There  were  many  non-evaporable  getter  (NEG)  pumps 
in  the  IR,  which  expelled  hydrogen  when  they  were  heated 
for  regeneration.  Heating  a  NEG  pump  produced  a  large 
localized  pressure  bump  of  known  composition,  with 
magnitude  measured  by  the  nearby  ion  pumps  or  by  the 
change  in  beam  lifetime.  The  increase  in  backgrounds 
from  the  pressure  bump  allowed  a  precision  check  of  the 
simulation.  The  agreement  was  good. 


5  CONCLUSIONS 

Measured  backgrounds  from  the  January  1998  configu¬ 
ration  of  the  HER  were  consistent  with  a  factor  of  7-10 
more  background  at  design  current  than  estimated  in  the 
BaBar  design  report  [1],  The  measurements  were  consis¬ 
tent  (within  a  factor  of  1.5-2)  with  a  simulation  using 
measured  pressure  profiles  rather  than  a  uniform  1  nTorr, 
LP_TURTLE  simulation  of  the  full  ring  rather  than  just 
the  IP  and  a  short  arc  region,  and  BBSIM  shower  simula¬ 
tion  including  all  the  IP  quads  rather  than  just  those  inside 
the  detector.  See  figure  1 .  Collimators  reduced  the  HER 
arc  contribution  by  a  factor  of  2-5  in  the  final  HER  con¬ 
figuration. 

Measured  backgrounds  from  the  LER  (without  collima¬ 
tors)  were  comparable  to  the  HER  at  the  same  current. 
The  absolute  LER  background  levels  agreed  with  the  ex¬ 
tended  simulation  to  within  factors  of  2-5;  work  is  in 
progress  to  clarify  the  origin  of  these  differences. 

Extrapolating  present  measurements  to  design  currents, 
LER  background  would  dominate.  A  substantial  reduction 
in  LER  background  is  expected  from  distant  Coulomb  col¬ 
limators  presently  being  installed.  Some  reduction  is  ex¬ 
pected  from  the  larger  aperture  of  the  final  Q2  vacuum 
chamber.  The  LER  vacuum  will  improve  with  further 
scrubbing,  and  a  program  of  vacuum  improvements  in  the 
LER  is  underway. 
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Figure  1 :  Comparison  of  measured  and  simulated  backgrounds  in  the  Crystal  Ring 
detector  as  a  function  of  beam  current  during  HER  commissioning  in  January 
1998. 
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Abstract 

The  PEP-II  High  Energy  Ring  (HER),  a  9  GeV  electron 
storage  ring,  has  been  in  commissioning  since  spring  1997. 
Initial  beam  commissioning  activities  focused  on  systems 
checkout  and  commissioning  and  on  determining  the  be¬ 
haviour  of  the  machine  systems  at  high  beam  currents.  This 
phase  culminated  with  the  accumulation  of  0.75  A  of  stored 
beam — sufficient  to  achieve  design  luminosity — in  January 
1998  after  3.5  months  of  beam  time.  Collisions  with  the 
3  GeV  positron  beam  of  the  Low  Energy  Ring  (LER)  were 
achieved  in  Summer  of  1998.  At  high  beam  currents,  col¬ 
lective  instabilities  have  been  seen.  Since  then,  commis¬ 
sioning  activities  for  the  HER  have  shifted  in  focus  to¬ 
wards  characterization  of  the  machine  and  a  rigorous  pro¬ 
gram  to  understand  the  machine  and  the  beam  dynamics  is 
presently  underway. 

1  HER  COMMISSIONING 

The  PEP-II  [1]  High  Energy  Ring  (HER)  was  completed 
at  SLAC  in  Spring  of  1997.  It  is  located  in  the  PEP  tun¬ 
nel  at  SLAC,  where  it  is  part  of  the  6-Factory  together 
with  the  Low  Energy  Ring  (LER)  and  the  B  ABAR  detector. 
Beam  commissioning  of  the  HER  began  in  earnest  in  June 
1997,  and  the  ring  reached  0.75  A  of  stored  beam  current — 
sufficient  to  achieve  the  design  luminosity  of  3  x  1033 —  in 
January  of  1998,  after  3.5  mo.  of  running  time.  Parameters 
of  the  Ring  are  given  in  Reference  [1],  Since  July  of  1998, 
HER  commissioning  work  has  focused  on  understanding 
and  tuning  of  the  beam  parameters,  background  measure¬ 
ment  and  reduction,  tuning  of  the  beam  feedback  systems 
and  understanding  of  the  multi-bunch  instabilities  and  sup¬ 
porting  collisions  [2]  with  the  completed  LER. 

Table  1  gives  an  overview  of  the  commissioning  results 
achieved  up  to  date. 
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Beam  commissioning  has  been  helped  significantly  by 
fairly  good  hardware  performance:  for  the  last  run,  hard¬ 
ware  availability  was  79%  for  the  PEP-H  facility,  this  in¬ 
cludes  HER,  LER  and  the  Injector. 

In  this  report,  we  will  not  cover  the  rf  system  [3, 4]  or  the 
beam  feedbacks  (5,  6]  since  they  are  described  elsewhere. 

1.1  Magnet  System  and  Lattice  Functions 

Alignment  of  the  ring  magnets  appears  to  have  been  within 
the  stated  accuracy  of  250/rm  (rms),  judged  by  the  ease 
with  which  the  first  turn  was  achieved  and  the  rms  corrector 
strength  needed  to  reduce  orbit  excursions  to  a  reasonable 
level.  As  of  this  writing,  rms  orbit  excursions  of  0.75  mm 
rms  are  routinely  achieved.  Figure  1  shows  a  plot  of  the  lat¬ 
tice  functions  in  the  vertical  plane,  together  with  the  design 
values,  measured  on-line  by  phase-advance  analysis.  The 
agreement  is  rather  good,  but  to  reach  this  level  of  agree¬ 
ment  the  inner  insertion  quadrupole  had  to  be  tweaked  by 


Table  1 :  HER  Commissioning  results 


Parameter 

Unit 

Design 

Achieved 

Energy 

GeV 

9 

9  — >  9.1  -*9 
(ramped) 

Current 

A 

0.99* 

0.75 

Luminosity 

cm-2s-1 

3X1033 

5X1032 

/?: 

cm 

50 

50 

% 

cm 

2 

1.5 

Bunch  length 

cm 

1.15 

1.15 

Sp/p 

% 

0.061 

0.066 

e,  horiz. 

7rnmr 

48 

56 

e,  vertic. 

7rnmr 

1.9 

4 

Coupling 

0.03 

0.0007 

Life  time 

h 

12 

20  @  50  mA 
2.5  @  0.75  A 

*  for  0*  =2  cm 
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Y  Measured  BETA  and  Model  BETA  in  Meters 


Figure  1:  Measured  vertical  lattice  functions 


about  0.13%.  The  amount  of  correction  needed  has  var¬ 
ied  for  different  lattice  configurations  and  is  now  thought 
to  arise  from  a  longitudinal  position  error  rather  than  a  cal¬ 
ibration  error.  [7]  There  are  still  differences  in  the  details 
of  the  lattice  functions  that  remain  to  be  understood. 

1.2  Vacuum  System 

Until  early  1998  the  vacuum  system  of  the  HER  has 
cleaned  up  according  to  the  schedule  outlined  in  the  PEP-II 
CDR  [8],  see  Fig.  2.  With  the  installation  of  the  final  inter- 


Figure  2:  Beam  life  time  vs  photon  dose 

action  region,  beam  life  times  have  slid  back  somewhat  due 
to  the  extensive  vacuum  work  and  the  large  number  of  new 
chambers  installed.  In  the  Fall  of  1998,  however,  beam  life 
time  recovered  and  up  to  24  h  were  measured  at  low  beam 
current. 

In  general,  the  HER  has  not  experienced  significant  dust 
trapping.  However,  in  our  last  run  we  have  seen  occa¬ 
sional  life-time  reductions,  mainly  at  beam  currents  below 
200  mA,  which  sometimes  could  only  be  cured  by  aborting 
the  beam  and  reinjecting.  Without  a  systematic  study  it  is 
not  possible  to  give  a  cause  for  this  behaviour. 

On  the  other  hand,  at  high  residual  pressures  the  beam 


has  been  clearly  less  stable  than  under  good  vacuum  condi¬ 
tions.  Also,  the  presence  of  a  gap  (usually  10%)  in  the  fill 
is  mandatory  at  high  intensity  to  preserve  beam  stability. 
This  strongly  suggests  the  presence  of  ion  trapping.  The 
measurement  of  fill-pattern  dependent  ion-clearing  cur¬ 
rents  further  supports  this  assertion. 

1.3  Transverse  Beam  Dynamics 

Machine  resonances  have  been  measured  by  systematic 
scans  of  beam  life  time  vs  tune  and  by  following  an  off- 
axis  injected  bunch  over  1024  turns  and  Fourier-analysing 
the  result.  Identified  lines  are  indicated  in  Fig.  3. 

Transverse  beam  size  has  been  measured  by  perform¬ 
ing  scraping  experiments  using  beam  scrapers  installed  in 
one  of  the  straight  sections.  Horizontally,  the  beam  size 
is  within  10%  of  the  prediction,  but  vertically  the  results 
indicate  almost  twice  the  beam  size  predicted.  This  is  to 
be  considered  an  upper  limit,  since  the  measurement  of  the 
small  vertical  extent  of  the  beam  by  scraping  is  difficult. 
There  also  is  evidence  for  vertical  tails. 

1.4  Longitudinal  Beam  Dynamics 

Once  the  rf  stations  were  phased  w.r.t.  each  other,  the  syn¬ 
chrotron  tune  was  measured  at  the  design  value  (0.0446  at 
14  MV).  Beam  life  time  was  measured  against  rf  voltage, 
the  result  indicates  a  momentum  spread  of  0.066%  (rms), 
about  8%  larger  than  the  expected  0.0614%.  Bunch  length 
was  measured  using  a  streak  camera  and  agrees  with  the 
predicted  <r;  of  1.15  cm  at  14  MV. 

1.5  Single-Bunch  Intensity  Related  Effects 

Tune  shift  vs  beam  current  relates  to  the  broadband 
impedance  in  the  ring  (which  is  inductive)  and  was  mea¬ 
sured  several  times.  The  measured  tune  shifts  have  in¬ 
creased  slightly  over  time,  this  is  attributed  to  the  changes 
in  the  vacuum  system  made  during  the  various  down 


I _ 1  tro!:  Hie  Ume 

Resonance  line 
— —  reducing  life 
time 


Figure  3:  Working  diagram  of  the  HER;  dark  lines  reduce 
beam  life  time 
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Figure  4:  Betatron  motion  vs  beam  separation 


times.  In  the  present  configuration  the  tune  shifts  are  - 
0.56x  10-3/mA  horizontally  and  1  x  10-3/mA  vertically. 
The  resulting  impedance  of  >  100  nH  is  larger  than  pre¬ 
dicted  by  a  factor  of  about  2.  However,  the  max.  single¬ 
bunch  current  is  limited  not  by  beam  dynamics  but  by 
hardware  considerations  and  so  this  is  of  no  consequence. 
Bunch  lengthening  up  to  2.5  mA  bunch  current  was  found 
to  be  consistent  with  potential-well  distortion,  with  no  in¬ 
dication  for  the  onset  of  turbulence. 

Excess  heating  of  the  shielded  bellows  close  to  the  beam 
scrapers  was  seen  and  indicates  excitation  of  a  localized 
wakefield.  This  excitation  arises  from  the  step  transitions 
that  these  experimental  scrapers  introduce  in  the  vacuum 
system.  These  scrapers  will  be  replaced  with  tapered  colli¬ 
mators  in  the  near  future. 

1.6  Multi-Bunch  Effects 

Longitudinal  Plane  Based  on  the  measured  HOM 
spectrum  of  the  rf  cavities  (which  are  very  well  damped) 
the  HER  was  expected  to  be  stable  up  to  330  mA,  with 
the  longitudinal  bunch-to-bunch  feedback  system  designed 
to  be  able  to  stabilise  the  beam  well  beyond  1  A  cur¬ 
rent.  Grow-damp  measurements  were  carried  out  demon¬ 
strating  that  the  first  modes  going  unstable  were  a  cluster 
around  mode  750. . .  800,  with  a  threshold  around  550  mA. 
The  modes  agree  in  frequency  with  a  measured  cav¬ 
ity  resonance[4].  The  increased  threshold  is  thought  to 
arise  from  the  Landau  damping  introduced  by  the  sizeable 
synchrotron-tune  shift  along  the  fill  (due  to  the  10%  ion¬ 
clearing  gap). 

Transverse  plane  Instability  thresholds  have  been  un¬ 
expectedly  low  in  both  planes  in  the  HER.  Even  at  low 
beam  current  coherent  bunch  motion  is  detectable.  The 
modal  spectrum  shows  predominantly  low-order  modes, 
with  indication  of  a  shift  from  mode  0— »T-»2. ..with  in¬ 
creasing  beam  intensity.  The  instability  shows  grossly  non¬ 


linear  growth  rates,  saturating  before  the  beam  is  lost  unless 
the  beam  intensity  is  several  hundred  mA.  This  behaviour  is 
consistent  with  trapping  of  heavier  ions  like  CO.  However, 
in  a  recent  run  a  strong  dependence  of  the  growth  rate  on  a 
vertical  orbit  wave  at  a  certain  phase  was  observed,  which 
would  indicate  the  presence  of  a  local  high-Q  impedance. 

Bunch-train  experiments  have  shown  the  instability  to  be 
dependent  on  chromaticity  (above  £  «+10  the  beam  was 
markedly  less  unstable)  and  on  coupling  (a  fully  coupled 
“round”  beam  could  have  about  50%  more  intensity  for  the 
same  level  of  beam  motion).  These  observations  were  not 
confirmed  for  even  fills  with  a  small  gap,  indicating  that  the 
bunch-train  behaves  in  a  way  qualitatively  different  from 
the  even  fills. 

Improved  beam  stability  was  observed  during  collisions, 
most  likely  due  to  increased  Landau  damping.  A  quantita¬ 
tive  measure  of  this  effect  is  the  reduction  in  height  of  the 
betatron  peak  when  the  HER  beam  is  brought  into  collision 
with  the  LER  beam;  this  is  shown  in  Fig.  4.  The  damping 
due  to  this  effect  exceeds  that  obtained  from  the  bunch-to- 
bunch  feedback  system. 

2  SUMMARY 

Beam  commissioning  of  the  HER  has  progressed  well,  with 
most  of  the  important  commissioning  milestones  met  or 
exceeded.  Multibunch  beam  operation,  however,  has  un¬ 
covered  a  transverse  instability  the  cause  and  exact  na¬ 
ture  of  which  still  remains  to  be  explained.  While  the  ex¬ 
cited  modes  and  nonlinear  behaviour  are  consistent  with 
ion  trapping,  the  orbit  dependence  is  not.  Preliminary  indi¬ 
cation  from  our  collision  runs  is  that  the  Landau  damping 
due  to  the  beam-beam  effect  will  greatly  increase  the  trans¬ 
verse  instability  threshold,  however. 
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Abstract 

After  the  installation  of  32  additional  RF  cavities  in  the 
1997-1998  shutdown  LEP  was  operated  at  a  beam  energy 
of  94.5  GeV.  The  total  integrated  luminosity  for  the  year 
1998  clearly  surpassed  its  target  and  reached  198  pb'1. 
Vertical  beam-beam  tuneshifts  of  more  than  0.07  were 
obtained.  The  performance  did  not  seem  to  be  beam- 
beam  limited,  but  the  total  beam  current  was  limited  by 
power  dissipation  problems  to  around  6  mA. 

A  high  phase  advance  optics  (102°,  90°),  with  a  smaller 
natural  emittance,  was  used  for  regular  operation  in  1998. 
This  contributed  to  the  excellent  performance  of  LEP, 
together  with  the  further  reduction  of  both  the  horizontal 
and  vertical  beta  function  at  the  interaction  points.  No 
dynamic  aperture  problems  were  encountered. 

1  PERFORMANCE 

The  total  integrated  luminosity  delivered  by  LEP  to  each 
of  the  experiment  during  1998  was  198  pb'1.  This  is 
significantly  more  than  the  performance  of  the  previous 
years.  Figure  1  gives  a  comparison  of  the  LEP 
performance  over  the  last  six  years  with  the 
corresponding  beam  energies.  The  beam  energy  increased 
over  the  years  following  1995  because  of  the  addition  of 
superconducting  cavities  to  the  existing  copper  RF 
system.  The  operating  beam  energy  for  1998  was 
94.5  GeV,  apart  from  3.2  pb'1  at  the  Z°  peak  (45  GeV) 
used  for  detector  calibration. 


Figure  1:  Comparison  of  the  integrated  luminosities  for 
the  years  '93  to  '98  with  the  corresponding  beam  energies. 


The  total  beam  current  was  limited  to  around  6.2  mA 
by  the  RF  system  (see  section  2).  Operation  was  with  two 
beams  of  four  bunches,  except  for  the  Z°  running  where 
two  beams  of  eight  bunches  were  used  due  to  beam-beam 
limitations. 

Vertical  beam-beam  tune  shifts  of  more  than  0.07  have 
been  obtained  on  several  occasions,  with  peak 
luminosities  of  about  1032  cmV.  From  figure  2  it  is 
apparent  that  the  beam-beam  limit  has  not  been  reached. 
Beam  size  measurements  do,  however,  show  beam-beam 
blow-up  when  large  beam  currents  are  collided  [1]. 

The  improved  performance,  compared  to  1997,  can  be 
attributed  to  the  small  beam  size  of  the  high  phase 
advance  optics,  the  further  squeezing  of  the  beta  function 
at  the  interactions  points,  the  larger  beam  currents 
(typically  6.0  mA  in  1998  compared  to  5.2  mA  in  1997) 
and  the  good  performance  of  the  RF  system. 


102/90  94.5  GeV  e*  =  21  nm  (+135  Hz,  lx  *  1.75) 
fills  5142 . 5262  (8.9.-5.10.1998),  Px*=1.25m,  py*«5cm 


Bunch  current  in  mA 

Figure  2:  Vertical  beam-beam  tuneshift  versus  bunch 
current  for  the  fills  during  the  month  of  September. 


2  THE  RADIO  FREQUENCY  SYSTEM 

The  beam  energy  of  94.5  GeV  could  be  obtained  by  the 
installation  of  32  additional  superconducting  RF  cavities. 
The  RF  system  consisted  of  272  superconducting  cavities 
and  48  copper  cavities.  The  maximum  total  voltage 
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obtained  was  2870  MV,  while  the  required  operating 
voltage  to  have  sufficient  quantum  lifetime  was  2720  MV 
(this  allows  operation  with  Jx  =  1.75).  This  safety  margin 
was  generally  sufficient:  only  about  10  %  of  the  fills  that 
were  put  in  physics  were  lost  due  to  the  RF  system.  The 
good  performance  can  for  a  large  part  be  attributed  to  the 
new  control  facilities  which  included  automatic  switch  on 
of  tripped  cavities,  automatic  field  reduction  in  case  of 
field  oscillations  and  an  automatic  tuner  set-point  control 
to  reduce  the  ponderomotive  oscillations. 

The  total  beam  current  that  could  be  accelerated  in 
LEP  during  1998  was  limited  by  the  heating  of  the  main 
antenna  cables  to  around  6.2  mA.  The  antenna  cables 
couple  out  a  fraction  of  the  higher  order  modes  above 
3  GHz.  At  high  enough  power  levels  the  cables  can  be 
irreversibly  damaged  (burnt).  As  the  signal  from  the  main 
antenna  cables  are  also  used  for  the  tuning  of  the  cavities, 
the  cavity  becomes  unusable  if  both  main  antenna  cables 
are  damaged. 

The  higher  order  modes  above  3  GHz  depend  strongly 
on  the  bunch  length.  For  this  reason  the  bunch  length  was 
kept  as  long  as  possible  during  the  ramp  and  generally 
above  10  mm.  This  involved  careful  control  of  the 
wigglers,  RF  voltage,  frequency  offset  (to  lengthen  the 
bunch)  and  betatron  tunes  to  avoid  dangerous  resonances. 
The  gymnastics  which  were  necessary  is  illustrated  in 
figure  3.  It  shows  the  measured  bunch  length  and  the 
power  measured  at  the  exit  of  an  antenna  cable  during  the 
energy  ramp. 

A  study  estimated  the  maximum  power  level  which 
could  be  tolerated  by  the  antenna  cable  to  be  8.0  W.  A 
beam  dump  interlock  was  established  at  8.5  W.  Attempts 
to  push  the  power  limit  higher  towards  the  end  of  the  year 
lead  to  a  rapid  increase  in  the  number  of  broken  cables. 
The  total  number  of  broken  cables  at  the  end  of  the 
running  period  was  31,  resulting  in  8  cavities  being  out  of 
function. 

During  the  1998-1999  shutdown  all  main  antenna 
cables  will  be  replaced  so  they  will  not  limit  the  beam 
current  in  1999. 


Figure  3:  Bunch  length  and  power  measured  at  the  exit  of 
the  RF  antenna  cable  during  the  energy  ramp. 


3  OPTICS 

Towards  the  end  of  the  1997  operational  period  a  new 
high  phase  advance  optics  (102°,  90°)  was  commissioned 
[2,  3].  This  optics  was  used  for  both  the  high  energy 
running  and  the  Z°  calibration  run  in  1998.  The  main 
advantage  of  the  (102°,  90°)  optics  relative  to  the 
previously  used  (90  °,  60  °)  optics  is  the  small  natural 
emittance  of  39.4  nm,  at  94.5  GeV,  compared  with 
50.8  nm  for  the  (90°,  60°)  optics.  The  high  phase  advance 
optics  has  a  smaller  momentum  compaction  factor  which 
increases  the  energy  that  can  be  achieved  for  a  given  RF 
voltage. 

No  evidence  of  dynamic  aperture  problems  were 
found,  even  not  after  further  squeezing  the  horizontal  and 
vertical  beta  functions  at  the  interaction  points  during  the 
year.  Table  1  summarises  the  values  used  over  the 
year.  The  initial  squeeze  of  the  horizontal  beta  function 
had  a  clear  positive  effect  on  the  luminosity.  The 
following  reductions  of  the  beta  functions  probably 
contributed  to  the  improved  performance,  but  were  hard 
to  unravel  from  the  other  optimisations  which  took  place 
continuously. 

At  injection  and  during  the  energy  ramp  the  frequency 
offset  was  115  Hz.  This  was  necessary  to  lengthen  the 
bunch  during  the  ramp  (see  section  2).  During  physics  the 
frequency  shift  was  generally  135  Hz,  resulting  in  a  value 
of  Jx  of  about  1.75.  This  reduced  the  horizontal  emittance 
to  22.1  nm  at  94.5  GeV.  Assuming  that  the  vertical 
emittance  stays  constant,  this  increased  the  luminosity  by 
33  %.  The  reduced  beam  size  was  also  beneficial  for  the 
reduction  of  the  background.  However,  the  background 
was  sensitive  to  small  changes  in  especially  the  horizontal 
tune,  resulting  in  background  storms  [4]. 


Table  1 :  The  values  of  the  horizontal  and  vertical  beta 


Date 

p: 

p: 

Startup:  6lh  May 

2.0  m 

5.0  cm 

29lh  May 

1.5  m 

5.0  cm 

8*  September 

1.25  m 

5.0  cm 

5th  October 

1.25  m 

4.0  cm 

4  PHASES  OF  OPERATION 


4.1  Injection 

Injection  took  place  at  the  usual  22  GeV  using 
synchrotron  injection.  The  maximum  bunch  current  was 
around  775  pA,  resulting  in  a  total  beam  current  of 

6.2  mA.  The  injection  efficiency  was  often  not  very  good 
and  had  a  typical  value  of  about  60  %.  Almost  all  the  RF 
cavities  were  kept  on  at  injection,  so  the  time  lost  waiting 
during  the  ramp  for  switching  on  cavities  was  minimised. 
The  520  MV  demanded  at  the  injection  energy  kept  the 
RF  cavities  near  the  lower  limit  of  their  operational 
voltage. 
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calibration  access 
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Figure  4:  Distribution  of  the  total  time  available  for 
operation  in  1998. 


Figure  4  shows  that  38  %  of  the  total  time  available  for 
operation  was  spent  injecting  particles.  This  was 
significantly  larger  than  in  other  years. 

4.2  Energy  Ramp 

Because  of  the  limitation  imposed  on  the  bunch  length 
and  the  working  points  at  injection  and  full  energy,  the 
energy  ramp  was  difficult  and  a  lot  of  time  was  spent 
optimising  the  ramp,  varying  betatron  and  synchrotron 
tunes.  This  is  reflected  by  figure  4,  which  shows  that  only 
about  half  of  the  total  time  which  was  spent  injecting 
particles,  was  followed  by  a  physics  coast. 

The  development  of  the  ramp  was  made  a  lot  easier  by 
the  use  of  the  Q-loop,  a  real  time  feedback  of  the 
measured  betatron  tunes  to  a  pair  of  trim  power  supplies 
which  act  on  the  main  quadrupoles.  The  fine  control  of 
the  coherent  betatron  tunes  would  have  been  very 
difficult  without  it. 

Once  a  good  ramp  was  established  excellent 
transmission  rates  (current  at  injection  divided  by  the 
current  in  physics)  were  obtained,  generally  above  90  %. 

Initially  the  squeeze  of  the  beta  functions  took  place 
near  45  GeV  (the  Z°  energy).  Small  beam  losses  were 
observed  in  the  ramp  between  50  and  60  GeV,  possibly 
caused  by  an  insufficient  momentum  aperture  of  the 
squeezed  (102°,  90°)  optics.  Squeezing  the  beta  functions 
above  92  GeV  proved  to  be  a  solution  to  get  rid  of  these 
beam  losses. 

At  92  GeV  a  pause  in  the  ramp  was  made  to  optimise 
the  RF  system  if  necessary.  At  this  energy  the  RF  was 
already  ramped  to  the  level  needed  at  94.5  GeV 
(2720  MV).  Once  the  RF  system  was  optimised,  the 
continuation  of  the  ramp  to  94.5  GeV  was  generally 
without  any  problems. 

4.3  Physics 

As  in  the  previous  years  a  continuous  optimisation  of  the 
horizontal  and  especially  the  vertical  orbit  took  place  to 
find  the  so-called  'golden  orbit'.  Even  once  this  orbit  was 
found  it  needed  regular  updating  because  of  the 
continuously  changing  machine  conditions.  It  is  likely 
that  the  golden  orbit  is  the  result  of  an  empirical  search 
for  the  orbit  with  the  lowest  residual  vertical  dispersion 


for  both  beams.  Typical  values  for  the  RMS  vertical 
dispersion  were  around  3  cm.  The  coupling  was  well 
corrected.  Dispersion  free  steering  was  also  developed 
and  will  be  available  in  1999  [6]. 

4.4  Turn-around 

The  average  turn-around,  the  time  between  dumping  a  fill 
which  was  in  physics  and  restarting  physics  for  the  next 
fill,  was  1  hour  and  38  minutes,  with  a  minimum  of  42 
minutes.  Poor  turn  around  was  mostly  related  to  poor 
injection  or  optimisation  of  the  RF  system. 

The  average  time  after  which  a  physics  coast  was 
dumped  was  3  hours  and  42  minutes. 

5  ENERGY  CALIBRATION 

Four  percent  of  the  operational  machine  time  was  used  to 
measure  the  beam  energy  by  resonant  depolarisation.  A 
dedicated  (60°,  60°)  optics  was  used  for  these 
measurements.  For  the  first  time  polarisation  was 
measured  and  the  beam  energy  calibrated  at  an  energy  of 
60  GeV.  More  details  of  the  energy  calibration  results  can 
be  found  in  [7]. 


6  CONCLUSIONS 

The  year  1998  was  a  very  successful  year  of  LEP 
operation  with  a  total  integrated  luminosity  of  198  pb  '  at 
a  beam  energy  of  94.5  GeV.  The  total  beam  current  was 
limited  to  about  6  mA  due  to  the  heating  of  the  RF 
antenna  cables.  The  heating  of  the  cables  also  imposed  a 
limit  on  the  bunch  length  during  the  energy  ramp  which 
resulted  in  a  laborious  development  of  different  ramps. 

The  (102°,  90°)  optics,  developed  in  1997,  was  used 
during  the  whole  of  1998  for  both  the  high  energy  run 
and  the  Z°  run.  The  small  emittance  of  this  optics  together 
with  the  additional  squeeze  of  the  beta  functions  at  the 
interaction  points  and  the  operation  with  Jx=  1 .75  largely 
contributed  to  the  excellent  machine  performance. 
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Abstract 

Radiative  spin-polarization  has  been  used  extensively  at 
LEP  to  accurately  measure  the  beam  energy  around  the  Z 
resonance.  As  the  LEP  physics  has  moved  on  to  the  W  bo¬ 
son  the  calibration  based  on  polarization  must  be  extended 
towards  higher  beam  energies.  This  is  difficult  as  the  depo¬ 
larizing  effects  of  spin  resonances  grow  rapidly  with  beam 
energy.  At  LEP  it  has  been  possible  for  the  first  time  to 
measure  transverse  beam  polarization  at  60.6  GeV.  To  al¬ 
low  a  build-up  of  polarization  the  tunes  and  the  energy  were 
chosen  accurately.  A  low  phase  advance  optics  was  used 
and  careful  orbit  correction  was  carried  out  using  dynamic 
beam  based  alignment  data.  Harmonic  spin  matching  was 
applied  both  in  a  deterministic  and  a  novel  semi-empirical 
way. 


1  INTRODUCTION 

Transverse  spin  polarization  in  LEP  builds  up  sponta¬ 
neously  due  to  the  Sokolov  and  Temov  effect  [1].  Po¬ 
larized  beams  are  used  in  LEP  since  1990  for  the  precise 
measurement  of  the  beam  energy  [2].  Resonant  depolar¬ 
ization  of  the  initially  polarized  beams  provides  the  by  far 
most  accurate  method  to  measure  the  absolute  energy  scale. 
The  method  allowed  determining  the  properties  of  the  Z  at 
22?beam  =  91  GeV  with  unsurpassed  accuracy  [3].  As 
LEP  physics  has  moved  on  towards  the  W  boson  at  around 
2i?beam  =  190  GeV,  energy  calibration  must  be  extended 
into  this  range.  This  is  difficult  as  the  depolarizing  effects 
of  spin  resonances  grow  rapidly  with  beam  energy. 

The  LEP  strategy  for  determining  the  energy  scale  of  the 
W  is  to  calibrate  the  absolute  beam  energy  at  the  highest 
possible  energy,  using  the  highly  accurate  method  of  reso¬ 
nant  depolarization  (a  minimum  level  of  5%  polarization  is 
required).  The  scale  is  then  extrapolated  using  other  meth¬ 
ods.  The  final  error  on  the  energy  scale  for  the  W  depends 
on  the  range  that  must  be  extrapolated.  In  1998  polariza¬ 
tion  was  for  the  first  time  established  in  LEP  at  60.6  GeV, 
allowing  a  more  accurate  energy  calibration  of  LEP. 

2  OVERVIEW  ON  POLARIZATION 
OPTIMIZATION  IN  LEP 


by  a  depolarization  time  r^.  The  asymptotic  polarization 
Poo  describes  the  equilibrium  between  the  two  processes: 


Poo  = 


92.4% 

1+? 


92.4% 


1  +  ^beam 


(1) 


The  term  Tp/Td  has  been  parameterized  by  an  energy- 
independent  imperfection  term  a  and  the  beam  energy 
.Ebeam-  The  given  scaling  law  applies  only  for  the  most 
optimistic  scenario,  the  so-called  linear  regime  of  polar¬ 
ization.  LEP,  for  higher  energies,  operates  in  the  so-called 
higher-order  regime  and  the  decrease  in  equilibrium  polar¬ 
ization  is  much  steeper  with  increasing  energy.  The  theory 
of  polarization  for  high  energy  e+e“  storage  rings  is  sum¬ 
marized  in  [4]  and  is  evaluated  for  LEP  in  [5]. 

The  process  of  polarization  optimization  in  LEP  trys  to 
maximize  the  degree  of  spin-polarization  in  LEP.  It  is  cru¬ 
cial  to  minimize  the  imperfection  term  a.  The  optimization 
process  at  LEP  can  be  summarized  as  follows: 


•  Problem:  Imperfections  in  beam  position  monitors 
(BPM’s)  and  quadrupoles.  Solution:  Hardware  align¬ 
ment,  dynamic  beam-based  alignment. 


•  Problem:  Orbit  offsets  and  dispersion  due  to  residual 
imperfections.  Solution:  Orbit  correction,  knob  tun¬ 
ing,  dispersion-free  steering,  low  phase  advance  op¬ 
tics. 


•  Problem:  Excitation  of  depolarizing  resonances  due 
to  residual  orbit  offsets  and  dispersion.  Solution:  En¬ 
ergy  and  tune  scan  to  sit  in  between  resonances,  deter¬ 
ministic  and  semi-empirical  harmonic  spin  matching. 

A  strong  effort  is  invested  at  LEP  in  order  to  improve  the 
chances  for  polarized  beams  at  highest  beam  energies. 


2. 1  Accelerator  alignment  and  optics 

Vertical  quadrupole  misalignments  are  the  main  origin  of 
depolarizing  effects.  They  are  minimized  with  a  yearly  re¬ 
alignment  of  all  LEP  quadrupoles.  The  vertical  offsets  of 
the  BPM’s  with  respect  to  the  center  of  the  quadrupoles 
is  determined  via  a  dynamic  beam-based  alignment  tech¬ 
nique  [6].  The  effects  of  the  residual  quadrupole  misalign¬ 
ments  on  the  beam  orbit  are  minimized  with  a  low  phase 
advance  optics. 


The  polarization  build-up  in  a  e+e_  storage  ring  is  char¬ 
acterized  by  a  build-up  time  tp.  The  build-up  time  is  in¬ 
versely  proportional  to  the  fifth  power  of  the  beam  energy; 
polarization  build-up  is  therefore  strongly  enhanced  with 
increasing  beam  energy.  Concurrently  unavoidable  imper¬ 
fections  cause  depolarizing  effects.  They  are  characterized 


2.2  Basic  orbit  and  energy  setup 

The  residual  imperfections  cause  orbit  offsets  and  disper¬ 
sion.  Standard  MICADO  orbit  correction  is  used  to  min¬ 
imize  the  vertical  orbit  especially  in  the  arcs  of  the  stor¬ 
age  ring.  Special  attention  must  be  put  on  eliminating  any 
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7r-bump  in  the  accelerator.  A  coupling  correction  is  per¬ 
formed  via  special  coupling  knobs.  A  dispersion-free  orbit 
correction  reduces  dispersion  and  allows  to  find  additional 
ir-bumps.  This  method  has  been  tested  in  1998  and  will  be 
used  routinely  starting  from  1999. 

Depolarization  is  a  resonant  process.  Therefore  special 
care  must  be  taken  to  avoid  depolarizing  resonances.  The 
beam  energy  must  be  adjusted  such  that  the  working  point 
has  a  maximum  distance  to  all  important  spin  resonances. 
The  required  accuracy  in  the  setting  of  the  beam  energy  is 
on  the  order  of  ±10  MeV  for  high  energies.  Nuclear  mag¬ 
netic  resonance  devices  are  used  to  extrapolate  the  beam 
energy  from  a  measurement  at  about  45  GeV. 


2.3  Harmonic  Spin-Matching 

Depolarization  for  high  energy  storage  rings  is  mainly 
driven  by  the  residual  vertical  orbit  deviations  y,  (i  =  1 ,  N) 
in  the  N  quadruples.  The  Fourier  components  of  the  orbit 
deviations  are  important: 

ak  =  £  Eil  1  Vi  cos  [kai\  5ai  (2) 

h  =\  Eill  Vi  sin  Sai  (3) 


Here,  k  is  the  harmonic  number,  a*  is  the  integrated  bend¬ 
ing  angle  up  to  quadrupole  i  (running  from  0  to  27t)  and  5c*i 
is  the  change  in  bending  angle  for  quadrupole  i.  ak  is  the 
“cosine”  strength  and  bk  the  “sine”  strength  of  harmonic  k. 
Tp/Td  can  then  be  written  as: 


I p  _  ki.,2  ST  al  +  bl 

rd  V  ("  -  *)4 


(4) 


Here,  v  is  the  spin  tune  (v  =  £'j3eam/440.65  MeV)  and  k' 
is  some  constant.  It  is  seen  that  only  the  two  closest  har¬ 
monics  ko  =  Int(i'),  fci  =  Int(i/)+l  are  important,  u  is  put 
close  to  an  half-integer  for  LEP.  The  polarization  is  then: 


92.4 


1  +  +  K  K>  +  blo  +  afci  +  bh) 


(5) 


Note  that  for  a  given  energy  the  spin  tune  and  n'  terms  have 
been  put  into  the  constant  k.  The  term  (Tp/ra) o  takes  into 
account  depolarizing  effects  from  less  important  sources. 

Harmonic  Spin  Matching  (HSM)  is  performed  by  intro¬ 
ducing  perturbations  Ofc0,  bk0,  a*,  and  bk,  such  that  the 
harmonics  due  to  vertical  orbit  offsets  are  cancelled  [7]. 
Special  orbit  bumps  are  used  in  LEP  to  generate  the  har¬ 
monics  [8],  The  bumps  are  chosen  such  that  changes  in  dis¬ 
persion,  coupling  etc.  are  minimized  and  additional  depo¬ 
larization  is  not  introduced.  The  bumps  were  re-optimized 
in  1998.  The  HSM  consists  in  minimizing  the  following 
system: 


92.4% 


w  1  +  +  «[(«fe0  —  ®fco)2  +  (ho  ~  ho)2  + 

( ak !  -  fifci)2  +  ( bk a  -  bkl)2}  (6) 


Two  different  approaches  have  successfully  been  applied. 


A)  A  fully  empirical  approach,  where  each  of  the  four 
harmonics  is  scanned  in  turn  while  polarisation  is  mea¬ 
sured.  For  each  bump  the  setting  where  polarisation  is  max¬ 
imum  is  kept.  This  is  the  method  applied  at  PETRA  [9] 
and  HERA  [10],  with  several  (typically  5)  settings  for  each 
harmonic.  The  most  important  difficulties  in  applying  this 
empirical  method  to  LEP  are:  1)  The  long  polarization  time 
(tp  =  300  minutes  at  45  GeV,  80  minutes  at  60  GeV).  2 )  The 
low  degree  of  polarization.  3)  The  limited  accuracy  in  the 
polarisation  measurement  ( «  0.8 %/minute.  At  high  ener¬ 
gies  the  initial  LEP  polarisation  is  1-2%.  A  polarization  of 
1%  corresponds  to  Tp/Td  «  100.  Halving  TvjTd  increases 
the  polarization  to  about  2%.  This  is  difficult  to  measure. 

B)  The  deterministic  spin-matching,  where  the  orbit  data 
are  used  to  determine  the  Fourier  harmonics  directly.  This 
method  is  ideal  if  precision  is  sufficient,  and  has  proven 
very  successfull  at  the  Z  peak  [11].  However,  as  energy  in¬ 
creases  the  strength  of  depolarizing  resonances  increases 
and  the  precision  required  is  very  high.  The  quality  of 
the  orbit  measurement  has  been  improved  recently  with 
the  dynamic  beam-based  alignment  [6],  The  deterministic 
method  does  give  a  good  starting  point  and  an  estimate  of 
the  location  of  the  overall  optimum,  but  is  often  insufficient 
by  itself  at  high  energies  to  provide  optimal  results. 

The  two  established  methods  of  HSM  are  not  sufficient 
for  LEP  at  high  energies.  A  semi-empirical  method  has 
therefore  been  applied  in  1998.  It  can  be  noticed  that  Eq.  6 
depends  on  only  five  parameters:  Four  optimal  settings  ak0 , 
h0>  Ofci>  bkl  and  the  residual  depolarization  (^)o-  The 
semi-empirical  HSM  procedure  consists  in  measuring  the 
polarization  for  five  different  settings  of  the  HSM  bumps 
and  then  performing  a  fit  of  the  observed  polarization  lev¬ 
els  to  Eq.  6.  We  now  take  as  an  example  the  case  where 
the  starting  polarization  level  is  around  2%.  This  means 
that  the  total  depolarization  term  ~  50.  If  one  hopes 
to  reach  a  polarization  level  of  6%,  this  means  that  is 
around  15.  The  harmonics  to  be  corrected  contribute  35, 
i.e.  typically  9  per  harmonic;  the  harmonics  are  typically 
off  by  3  units.  This  sets  the  scale  for  the  changes  to  make 
to  the  bumps  in  order  to  scan  them  efficiently.  When  all 
four  considered  HSM  bumps  have  been  scanned,  a  total  of 
five  points  is  available.  A  fit  to  the  polarization  data  gives 
a  new  optimum.  One  can  then  set  oneself  to  the  predicted 
optimum,  and  repeat  the  procedure. 

3  MEASUREMENT  AT  60.6  GeV 

In  September  1998  sufficient  polarization  for  energy  cal¬ 
ibration  was  established  for  the  first  time  at  60.6  GeV.  A 
careful  application  of  the  optimization  procedures  provided 
a  polarization  of  2-3%  after  deterministic  but  before  semi- 
empirical  HSM.  At  this  time  the  process  of  semi-empirical 
harmonic  spin  matching  was  applied.  Table  3  summarizes 
the  settings  dk0  (cos),  bk0  (sin),  ak,  (cos),  bk,  (sin)  for  har¬ 
monics  ko  =  137  and  fci  =  138.  Figure  1  shows  the  ob¬ 
served  response  in  polarization  and  the  fits  of  the  asymp¬ 
totic  polarization  level.  The  fit  results  are  tabulated  in  Ta- 
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ble  3.  Data  were  taken  with  the  60/60  degree  optics,  no  low 
beta  and  experimental  solenoids  off. 


0.1  p-T 


2:40  3:00  3:20  3:40  4:00  4:20  4:40  5:00  5:20 


Daytime 

Figure  1:  Polarization  data  from  21  September  1998. 
Shown  is  the  measured  polarization  signal.  Superimposed 
is  the  result  of  the  polarization  fits.  The  horizontal  axis  is 
the  daytime. 


Table  1 :  Results  of  polarization  fits  for  different  harmonic 
components.  The  last  line  shows  the  result  of  the  global  fit 
over  all  measurements. 


HSM  bumps  settings 

Fit  results 

Time 

137 

137 

138 

138 

Poo(%) 

hr:min 

(cos) 

(sin) 

(cos) 

(sin) 

02:35 

0.0 

0.0 

0.0 

0.0 

1.15  ±0.23 

02:58 

2.0 

0.0 

0.0 

0.0 

3.03  ±  0.37 

03:10 

2.0 

0.0 

2.0 

0.0 

2.28  ±  0.30 

03:23 

2.0 

0.0 

2.0 

2.0 

1.45  ±0.27 

03:36 

2.0 

2.0 

2.0 

0.0 

3.51  ±0.28 

03:54 

2.0 

2.0 

2.0 

-2.0 

2.88  ±  0.25 

04:06 

2.0 

2.0 

2.0 

0.0 

3.33  ±  0.40 

04:16 

4.0 

2.0 

2.0 

0.0 

4.53  ±  0.34 

04:33 

6.0 

2.0 

2.0 

0.0 

1.86  ±0.27 

04:41 

3.0 

4.0 

2.0 

0.0 

2.66  ±  0.35 

04:53 

3.0 

2.0 

0.6 

-0.6 

7.69  ±  0.36 

The  last  line  of  Table  3  shows  the  result  from  the  global 
fit  of  the  optimal  harmonic  components.  The  fitted  har¬ 
monics  were  applied  and  polarization  rose  to  (7.7  ±  0.4)%. 
This  level  of  polarization  was  comfortably  above  the  5% 
as  required  for  energy  calibration  by  resonant  depolariza¬ 
tion.  The  process  of  semi-empirical  HSM  required  about 
1.5  hours,  being  significantly  faster  than  empirical  HSM. 

The  maximum  measured  polarization  levels  in  LEP  are 
shown  in  Figure  2  as  a  function  of  beam  energy.  The 
measurement  at  60.6  GeV  is  higher  than  the  polarization 
observed  at  55  GeV,  demonstrating  the  excellent  setup 
at  60.6  GeV.  The  observed  decrease  in  polarization  from 
45  GeV  to  60.6  GeV  can  be  fully  explained  from  the 
higher-order  polarization  theory  [5], 


Figure  2:  Measured  maximum  polarization  in  LEP  for  dif¬ 
ferent  energies.  The  data  is  compared  to  the  higher-order 
(solid  curve)  and  the  linear  (dashed  curve)  prediction,  as¬ 
suming  equal  residual  imperfections  after  correction. 

4  CONCLUSION 

Highly  accurate  energy  calibration  at  LEP  requires  trans¬ 
verse  spin-polarization  of  at  least  5%  up  to  the  highest 
beam  energies.  Polarization  drops  sharply  with  increasing 
beam  energy.  Therefore  extensive  optimizations  of  the  stor¬ 
age  ring  are  required  in  order  to  extend  polarization  to  the 
highest  beam  energies.  The  quadrupoles  are  aligned  and  a 
special  optics  is  being  used;  the  tunes  and  the  beam  energy 
are  chosen  accurately  to  avoid  spin  resonances;  a  careful 
orbit  correction  is  carried  out  using  dynamic  beam  based 
alignment  data;  harmonic  spin  matching  is  applied  both  in 
a  deterministic  and  a  novel  semi-empirical  way.  The  opti¬ 
mization  allowed  for  the  first  time  to  establish  a  clear  po¬ 
larization  signal  at  60.6  GeV.  After  optimization  a  polariza¬ 
tion  degree  of  (7.7  ±  0.4)%  was  measured.  This  is,  in  terms 
of  residual  machine  imperfections,  equivalent  to  the  polar¬ 
ization  record  of  57%  at  44.7  GeV.  In  1999  it  will  be  tried 
to  extend  polarization  and  energy  calibration  to  70  GeV  or 
even  higher  [5]. 
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THE  REGIMES  OF  POLARIZATION  IN  A  HIGH 
ENERGY  e  e  STORAGE  RING 

R.W.  Assmann,  CERN,  SL  Division,  Geneva,  Switzerland 


Abstract 

Several  regimes  of  polarization  must  be  considered  for 
high-energy  eV  storage  rings.  Based  on  a  theoretical  pa¬ 
per  by  Derbenev,  Kontratenko  and  Skrinsky  from  1979 
we  describe  the  different  cases.  Particularly,  it  is  shown 
that  from  a  certain  high  energy  onwards  the  polarization 
degree  is  expected  to  increase  with  energy.  This  is  in 
sharp  contrast  to  the  usually  considered  regime  where  the 
expected  polarization  level  decreases  for  higher  beam 
energies.  The  theory  of  Derbenev,  Kontratenko  and 
Skrinsky  is  applied  to  the  LEP  storage  ring  with  its  en¬ 
ergy  range  from  the  Z  at  91  GeV  to  the  W  at  200  GeV. 
Though  the  theoretical  expectations  for  beam  polarization 
at  the  highest  beam  energy  remain  low,  it  is  shown  that 
the  depolarization  can  move  into  a  new  regime  for  LEP 
above  60  GeV.  The  high  energy  LEP  is  the  first  storage 
ring  that  operates  in  this  new  and  experimentally  un¬ 
known  regime  of  beam  spin  dynamics. 

1  INTRODUCTION 

Radiative  polarization  of  the  particle  beams  provides  the 
most  accurate  tool  to  measure  the  beam  energy  in  LEP 
[1,2].  In  order  to  determine  the  W  mass  with  the  required 
accuracy  it  is  important  to  establish  polarized  beams  for 
the  highest  possible  energies.  Sufficient  radiative  spin- 
polarization  in  LEP  was  measured  up  to  60.6  GeV  [3],  In 
order  to  examine  the  possibilities  for  establishing  polari¬ 
zation  at  even  higher  energies,  the  theory  of  radiative  spin 
polarization  in  eV  storage  rings  must  be  analyzed  care¬ 
fully.  This  paper  reviews  the  relevant  theory  and  applies 
it  to  LEP  parameters. 

2  THEORY  OF  POLARIZATION  AT 
ULTRA-HIGH  ENERGIES 


ized  by  a  depolarization  time  rd  and  the  asymptotic  degree 
of  polarization  is  reduced  to: 


92.4% 

l  +  r„/rrf 


(1) 


Polarization  theories  aim  at  estimating  the  depolarization 
term  xd.  Here,  we  follow  the  basic  theory  by  Derbenev, 
Kondratenko  and  Skrinsky  from  their  summary  paper  in 
1979  [5], 


2.1.  Basic  Quantities 


A  few  basic  beam  and  machine  parameters  determine  the 
behavior  of  polarization: 

1)  The  spin  tune  v  describes  the  energy  dependence  of 
polarization.  2)  The  polarizing  rate  X  determines  the 
speed  of  polarization  buildup.  3)  The  synchrotron  tune  Qs 
gives  the  distance  between  synchrotron  sidebands  of  spin 
resonances.  4)  The  spin  tune  spread  av  causes  a  smearing 
out  of  spin  precession  frequencies  so  that  they  eventually 
overlap  Qs  sideband  resonances. 

The  particles  in  LEP  traverse  the  ring  about  1 1000  times 
per  second.  Let’s  assume  the  average  spin  tune  v0  is  not 
on  any  resonance.  However,  particles  perform  synchro¬ 
tron  oscillations  around  the  average  spin  tune:  v  =  v0  + 
8v.  Depending  on  the  spin  tune  spread  some  particles 
might  be  on  a  spin  resonance,  for  example  v  =  k  ±  n-Qs. 
During  a  large  number  of  subsequent  turns  the  particles 
will  periodically  cross  the  spin  resonance.  In  order  to 
evaluate  the  depolarizing  effect  on  the  ensemble  polari¬ 
zation,  it  must  be  determined  whether  subsequent  pass¬ 
ings  of  a  spin  resonance  are  correlated  or  not.  As  shown 
by  Derbenev,  Kondratenko  and  Skrinsky,  the  criterion  for 
correlated  passings  is: 


1 


(2) 


The  particle  beams  in  LEP  spontaneously  polarize  due  to 
the  Sokolov-Temov  effect  [4],  A  polarization  build-up 
time  Tp  and  an  ideal  final  polarization  degree  of  92.4% 
characterize  the  process.  The  polarization  rate  X  is  the 
inverse  of  the  build-up  time  xp  and  is  here  used  in  units  of 
the  LEP  revolution  frequency.  It  is  a  steep  function  of  the 
spin  tune  v.  The  spin  tune  is  the  precession  frequency  of 
the  spin  vectors  and  can  be  expressed  via  the  beam  en¬ 
ergy  E:v  =  ay  =  E/ 440.6486 MeV.  Unavoidable  imper¬ 
fections  in  the  vertical  orbit  cause  depolarization.  It  turns 
out  that  synchrotron  radiation  drives  both  polarizing  and 
depolarizing  processes.  The  depolarization  is  character¬ 


If  subsequent  passings  are  correlated  then  spin  rotations 
can  average  out  to  some  extent  and  their  effect  is  less 
severe. 

2.2.  Correlated  Spin  Resonance  Passings 

The  following  theory  applies  if  the  correlation  criterion  in 
Equation  2  is  true.  Polarization  can  be  described  by: 

jV_liv2y  N  P) 

Td  18  (k-v-mQj2  -es2]2 
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Here,  wk  is  the  complex  strength  of  the  spin  resonance  at 
integer  k,  v  is  the  spin  tune  averaged  over  the  ensemble 
and  m  an  integer  giving  the  order  of  the  synchrotron 
sideband  resonance.  The  equation  contains  a  Bessel  func¬ 
tion  term  Tm.  Assuming  a  Gaussian  distribution  over 
squared  amplitudes  A  of  synchrotron  oscillations  one  ob¬ 
tains: 


( 

•exp 

V 


.2  \ 


20 


(4) 


rapid  energy  changes  of  ±  500  MeV  with  100  GeV  aver¬ 
age  beam  energy.  The  single  particles  constantly  cross  the 
integer  and  linear  spin  resonances.  The  crossings  are  very 
fast,  about  40  times  faster  than  the  synchrotron  oscilla¬ 
tion.  Therefore  the  associated  crossings  of  spin  reso¬ 
nances  might  be  fully  correlated  and  cause  little  harm. 
However,  the  consequences  of  the  sawtooth  on  the  spin 
motion  in  LEP  are  not  clear  and  require  further  study. 

3  LEP  PARAMETERS 


The  I,,,  are  the  modified  Bessel  functions.  The  spin  tune 
spread  is  of  central  importance  for  the  strength  of  the  Tm 
term.  The  above  equations  are  valid  in  the  approximation 
of  high  energy.  Note  that  betatron  spin  resonances  with 
the  transverse  tunes  Qx  and  Qy  do  not  appear.  For  high 
energy  lepton  storage  rings  they  are  much  weaker  than 
synchrotron  resonances  and  are  therefore  neglected  here. 
Two  regimes  are  distinguished  in  the  regime  of  correlated 
spin  resonance  passings.  If  the  spin  tune  spread  is  much 
smaller  than  the  synchrotron  tune  then  higher  order  syn¬ 
chrotron  sidebands  are  not  important  and  only  the  linear 
spin  resonances  (k  ±  affect  the  achievable  polarization 
degree.  In  the  following  this  is  called  the  “linear”  theory. 
If  the  spin  tune  spread  becomes  larger  than  the  synchro¬ 
tron  tune  then  the  higher  order  synchrotron  sidebands 
limit  the  achievable  polarization  degree.  This  is  referred 
to  as  “higher-order  theory”. 

2.2.  Uncorrelated  Spin  Resonance  Passings 

A  different  situation  is  encountered  if  subsequent  pass¬ 
ings  of  spin  resonances  are  uncorrelated.  They  are  uncor¬ 
related  if  the  criterion  from  Equation  2  is  not  true  and  in 
addition  av  »  vr  In  this  case  passings  of  synchrotron 
resonances  are  completely  uncorrelated.  For  LEP  uncor¬ 
related  passings  are  always  completely  uncorrelated.  With 
ctv  «  1  the  polarization  can  be  calculated  from: 


11 K* 

54 


t  [  108exp(-2<7„)-2 
11  x*  -Jnv2  X 


(5) 


In  the  case  of  ctv  »  1  Derbenev,  Kondratenko  and  Skrin- 
sky  have  obtained  a  very  simple  result  for  the  expected 
depolarization: 

Td  X 

Polarization  does  not  show  any  resonant  dependence  on 
beam  energy  in  this  regime,  but  exhibits  an  increase  with 
energy,  as  the  polarizing  rate  X  becomes  very  large  for 
highest  energies.  In  this  regime  the  spin  tune  spread  av  is 
very  large  and  particles  constantly  sweep  over  spin  reso¬ 
nances.  As  the  polarization  rate  increases,  depolarization 
does  not  increase  as  rapidly  any  more. 

The  theory  by  Derbenev,  Kondratenko  and  Skrinsky 
does  not  include  the  LEP  energy  sawtooth  that  causes 


(6) 


The  polarizing  rate  X  (in  units  of  the  revolution  fre¬ 
quency)  for  LEP  is: 


X=— =3.9x10“ 


0.44065  GeV 


(7) 


The  resonance  strength  wk  is  calculated  from  57%  polari¬ 
zation  at  44.7  GeV  (6]': 


wk\2  =  1.94xlO'10- 


'  E 
^0.44065  GeV 
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(8) 


The  spin  tune  spread  ctv  is  proportional  to  the  square  of 
the  beam  energy  E: 


6.76x1 0‘6 


'  E 
^0.44065  GeV 
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(9) 


4  PREDICTIONS  FOR  LEP 

The  numerical  evaluation  of  the  correlation  criterion  is 
shown  in  Figure  1.  It  is  seen  that  the  LEP1  working  point 
is  clearly  in  the  correlated  regime  as  is  the  working  point 
at  60.6  GeV  with  Qs  =  1/11.  With  high  energy  and  small 
Qs  LEP  moves  into  the  uncorrelated  regime  of  spin  po¬ 
larization. 


Figure  1 :  Evaluation  of  correlation  criteria  as  a  function 
of  beam  energy  and  Qs.  LEP  can  stay  in  the  correlated 
regime  by  increasing  the  value  of  the  synchrotron  tune  Qs. 

The  polarization  optics  (60760°)  allows  a  high  Qs  of 
above  0.25  until  its  aperture  limit  at  around  75  GeV  (see 
Figure  2).  With  that  Qs  LEP  remains  in  the  correlated 


1  The  linear  polarization  then  decreases  with  the  fourth  power  of 
energy.  This  result  by  Derbenev,  Kontratenko  and  Skrinsky  is 
not  in  agreement  with  other  predictions.  Their  result  might  be 
overly  pessimistic. 
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regime  of  spin  resonance  passings  and  the  higher-order 
polarization  theory  can  be  used  to  predict  the  achievable 
polarization  degree  (Equations  3  and  4).  Note  that  this 
theory  correctly  predicts  the  decrease  of  polarization  with 
energy  that  is  observed  in  LEP  (see  Figure  3).  The  pre¬ 
dicted  polarization  degree  has  been  evaluated  as  a  func¬ 
tion  of  beam  energy  and  for  different  values  of  the  syn¬ 
chrotron  tune  Qs.  In  order  to  achieve  the  maximum  dis¬ 
tance  to  all  spin  resonances,  Qs  is  chosen  to  be  equal  to 
one  over  an  odd  integer.  For  illustration  we  consider  Qs 
values  of  1/13  (LEP1  value),  1/5  and  1/3.  The  predicted 
dependence  of  polarization  on  energy  is  shown  in  Fig¬ 
ure  4.  High  Qs  values  significantly  improve  the  chances 
of  spin  polarization  for  higher  beam  energies. 


Figure  2:  Maximum  achievable  Qs  as  a  function  of  energy 
and  for  different  optics  (with  3  GV  RF  voltage). 


Energy  [GeV] 


Figure  3:  Measured  maximum  polarization  degrees  in 
LEP  compared  with  higher-order  correlated  polarization 
theory  (solid)  and  linear  theory  (dashed). 


Figure  4:  Predicted  transverse  spin  polarization  in  LEP  as 
a  function  of  beam  energy  for  different  values  of  Qs. 

The  expected  polarization  is  shown  in  Figure  5  for  both 
the  correlated  and  uncorrelated  regime.  For  the  highest 
LEP  energies  at  90- 100  GeV  the  uncorrelated  regime 
must  be  considered.  We  evaluate  this  regime  under  the 
assumption  of  a  large  spin  tune  spread  (av  »  1).  Includ¬ 
ing  the  energy  sawtooth  LEP  will  just  enter  into  this  re¬ 
gime  at  the  highest  beam  energies.  It  is  seen  that  the  po¬ 


larization  prediction  in  this  regime  increases  with  the 
beam  energy.  At  about  100  GeV  a  polarization  degree  of 
roughly  1%  is  expected.  This  is  not  sufficient  for  energy 
calibration.  However,  in  view  of  the  uncertainties  in  this 
energy  regime,  an  experimental  test  is  clearly  warranted. 
At  the  end  of  the  1998  run  it  was  tried  to  measure  polari¬ 
zation  at  90  GeV.  This  attempt  was  unsuccessful  due  to 
problems  in  the  detector  shielding  at  high  energies. 


FigureS:  Expected  polarization  in  LEP  for  ultra-high 
energies.  The  higher-order  theory  in  the  correlated  regime 
(Qs  =  1/5)  and  the  “ultra-high  term”  (Equation  6)  in  the 
uncorrelated  regime  are  shown.  LEP  is  expected  to  enter 
the  uncorrelated  regime  at  around  80  GeV. 

5  CONCLUSIONS 

Transverse  beam  polarization  and  accurate  energy  cali¬ 
bration  has  been  extended  to  60.6  GeV  in  1998.  The  ad¬ 
ditional  range  in  energy  calibration  helps  to  reduce  the 
extrapolation  error  for  physics  energies  and  the  W  mass. 
The  application  of  the  polarization  theory  to  LEP  pa¬ 
rameters  shows  that  a  5%  polarization  degree  can  be  ex¬ 
pected  up  to  about  70  GeV  with  the  polarization  optics 
and  high  Qs.  This  extension  of  polarization  range  will  be 
studied  at  the  end  of  regular  energy  calibrations  in  1999. 
If  polarization  is  found  at  up  to  70  GeV,  it  can  be  used  for 
energy  calibration. 

The  prospects  for  polarization  in  LEP  at  around  100  GeV 
are  very  uncertain.  However,  it  cannot  be  excluded  that 
polarization  of  a  few  percent  is  possible  in  the  so-called 
uncorrelated  regime.  A  dedicated  experiment  in  1999  will 
try  a  to  explore  this  regime  of  beam  polarization. 
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IS  LEP  BEAM-BEAM  LIMITED  AT  ITS  HIGHEST  ENERGY  ? 

D.  Brandt,  W.  Herr*.  M.  Meddahi  and  A.  Verdier,  CERN,  Geneva,  Switzerland 


1  ABSTRACT 

The  operation  of  LEP  at  45.6  GeV  was  limited  by  beam- 
beam  effects  and  the  vertical  beam-beam  parameter  £y 
never  exceeded  0.045.  At  the  highest  energy  of  94.5  GeV, 
the  increased  damping  allows  higher  beam-beam  parame¬ 
ters  £y.  Values  above  0.07  in  the  vertical  plane  averaged 
over  four  experiments  have  been  obtained  frequently  with 
peak  values  up  to  0.075  in  a  single  experiment.  Although 
the  maximum  intensity  in  LEP  is  presently  limited  by  tech¬ 
nical  considerations,  some  observations  indicate  that  the 
beam-beam  limit  is  close  and  the  question  of  the  maxi¬ 
mum  possible  values  can  be  raised.  These  observations 
are  shown  in  this  paper  and  possible  consequences  are  pre¬ 
sented.  The  optimum  operation  of  LEP  in  the  neighbour¬ 
hood  of  the  beam-beam  limit  is  discussed. 

2  TUNE  SHIFT  AND  BEAM-BEAM 
LIMITS 


preferable  unless  this  is  prohibited  for  other  considerations. 
Since  the  tune  shift  is  amplitude  dependent,  it  will  also  cre¬ 
ate  a  tune  spread  which  cannot  be  corrected.  While  for 
small  £  the  tune  shift  and  /?*  hardly  change  over  a  large 
range  of  the  phase  advance,  for  larger  £  this  variation  is 
strong  and  therefore  for  the  high  values  of  beam-beam  pa¬ 
rameters  now  observed  at  LEP,  one  can  expect  significant 
effects  on  the  optics  and  beam  dynamics.  For  LEP,  the  ver¬ 
tical  tune  is  96.19  and  Fig.l  shows  the  vertical  tune  shift 
AQy  as  a  function  of  the  unperturbed  beam-beam  parame¬ 
ter  £j ,  for  this  tune  value.  For  the  maximum  beam-beam 
parameter  observed  in  LEP,  i.e.  0.070,  the  tune  shift  is 
around  0.05  and  (3*  is  reduced  from  5  cm  to  2.8  cm  at  the 
collision  points  for  small  amplitude  particles.  It  is  this  ac¬ 
tual  tune  shift  AQy  which  is  important  for  the  evaluation 
of  resonances  excited  by  the  beam-beam  force  while  the 
beam-beam  parameter  £  merely  measures  the  strength  of 
the  beam-beam  effect  and  could  be  used  to  compare  oper¬ 
ational  performance.  The  LEP2  values  can  easily  compete 


2.1  Beam-beam  tune  shift 

For  stable  motion,  the  relation  between  the  tune  shift  A Q 
and  the  beam-beam  parameter  £  is  [1]: 

cos(27r<3  +  2ttAQ)  =  cos(27rQ)  —  27r£sin(27rQ)  (1) 


/3sin(27T  Q) 

'  sin(27r<2  +  27rA  Q) 

where  Q  is  the  tune  of  the  machine  and  (3  and  (3*  are  the  un¬ 
perturbed  and  perturbed  /3-functions  at  the  collision  point. 
The  unperturbed  beam-beam  parameter  £  is  written  as: 


€x,y 


AtfePx,y 


2ir'ycrx<y(crx  +  ay) 


(3) 


For  small  tune  shifts,  it  can  be  shown  that  A Q  «  £,  but  is 
different  for  large  values.  The  perturbed  /?*  can  be  written 
as  [1]: 


y/\  +  47r£(cot(27T<9*))  —  47T2£2 

where  2irQt  is  the  phase  advance  between  two  interaction 
points.  The  tune  shift  is  therefore  a  function  of  the  tune 
which  can  be  chosen  to  keep  the  actual  beam-beam  tune 
shift  small,  i.e.  a  working  point  close  to  the  integer  is 

'Email:  Wemer.Herr@cem.ch 


Figure  1:  Beam-beam  tune  shift  as  function  of  beam-beam 
parameter  for  typical  LEP  tune 


with  previously  achieved  records:  at  ADONE  the  beam- 
beam  parameter  was  as  high  as  0.08,  but  the  tune  shift  A Qy 
was  around  0.03  [2],  i.e.  significantly  lower  than  for  LEP2. 
During  a  dedicated  experiment  with  round  beams  [3]  at 
CESR,  a  beam-beam  parameter  up  to  0.09  was  measured, 
however  with  rather  large  /3*,  therefore  low  luminosity  and 
only  a  single  experiment.  The  LEP2  values  are  the  highest 
observed  in  high  luminosity  operation. 

2.2  ’’Strong”  beam-beam  limit 

What  is  generally  recognized  as  a  signature  of  the  beam- 
beam  limit  is  a  linear  rather  than  a  quadratic  increase  of  the 
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luminosity  with  intensity.  This  is  interpreted  as  a  satura¬ 
tion  of  £  with  the  bunch  intensity  and  an  emittance  increase 
with  increasing  intensity.  It  is  desirable  to  operate  LEP  at 
or  near  this  ’’first  beam-beam  limit”  since  the  luminosity 
would  reduce  only  linearly  with  decreasing  bunch  intensity 
and  give  a  larger  integrated  luminosity.  Various  tools  such 
as  e.g.  artificial  emittance  increase  with  wigglers,  damping 
partition  change,  coupling  and  optics  are  used  to  control 
this  limit.  However,  this  limit  is  not  very  sharp  and  al¬ 
ready  well  below  other  effects  may  be  observed.  Particles 
at  large  amplitudes  exhibit  an  unstable  behaviour,  leading 
to  the  formation  of  tails  and  a  decreased  life  time.  This 
can  usually  be  understood  by  resonances  exciting  particles 
at  large  amplitude.  Together  with  a  reduced  dynamic  aper¬ 
ture  this  ’’second  beam-beam  limit”  may  be  found  early  and 
the  region  of  constant  £  cannot  be  reached.  Therefore  care 
must  be  taken  to  provide  sufficient  dynamic  aperture  when 
the  machine  is  operated  close  to  the  beam-beam  limit.  In 
LEP  both  effects  were  clearly  observed. 

2.3  ’’Weak”  beam-beam  limit 

Apart  from  the  classical  beam-beam  limits  discussed 
above,  a  strong  beam-beam  interaction  can  cause  effects 
on  the  beam  dynamics  which  manifest  themselves  in  other 
types  of  limitations  or  operational  difficulties,  eventually 
leading  to  a  limited  performance.  Signs  of  such  weak  lim¬ 
its  are  clearly  observed  in  LEP.  The  coherent  beam-beam 
effect  can  limit  the  available  space  in  the  working  diagram 
significantly  and  beam-beam  induced  orbit  distortions  lead 
to  collision  offsets  or  parameter  splitting  between  the  two 
beams.  Such  effects  eventually  limited  the  performance 
of  LEP  running  with  bunch  trains  [4].  The  excitation  of 
coherent  modes  is  usually  damped  with  a  finite  chromatic- 
ity,  however  significant  chromaticity  splits  between  the  two 
beams  caused  by  strong  beam-beam  effects  can  severely 
limit  this  possibility.  As  it  was  already  mentioned,  the 
beam-beam  interaction  perturbs  the  beam  optics  in  a  pre¬ 
dictable  way.  Combined  with  possible  imperfections  such 
as  e.g.  phase  errors  or  collision  offsets  this  can  lead  to  sig¬ 
nificant  distortions  and  limit  the  overall  performance.  This 
will  be  treated  in  more  detail  in  a  later  section. 

3  EXPERIENCE  AT  45.6  GEV 

LEP  was  run  for  7  years  at  45.6  GeV,  corresponding  to 
the  Z°  resonance.  Since  beam-beam  effects  are  stronger 
at  lower  energies,  they  were  the  main  intensity  limitation. 
Details  about  running  LEP  at  lower  energy  and  the  opera¬ 
tional  procedures  can  be  found  in  [5]  and  are  not  discussed 
here.  Only  the  main  observations  are  summarized. 

Already  at  rather  low  intensities  LEP  showed  the  typical 
behaviour  of  operation  at  the  beam-beam  limit,  i.e.  satu¬ 
ration  of  the  beam-beam  parameter  £.  Using  wigglers  to 
control  the  horizontal  beam  size  allowed  to  run  at  the  limit 
for  several  hours  and  the  ultimate  limit  for  the  bunch  in¬ 
tensity  was  due  to  the  significant  amount  of  non-Gaussian 
tails.  For  most  of  the  time  an  optics  with  phase  advance 


of  90°/60°  in  the  horizontal  and  vertical  planes  was  used 
which  had  a  sufficient  dynamic  aperture  and  the  region  of 
constant  £  was  reached  at  bunch  intensities  around  400  fj, A, 
corresponding  to  £™oa:  «  0.045. 

4  OBSERVATIONS  AT  HIGH  ENERGY 

With  increasing  energy  the  effects  of  synchrotron  radiation 
increase  rapidly.  For  a  given  optics,  the  horizontal  emit¬ 
tance  increases  with'E2  and  therefore  the  horizontal  beam- 
beam  parameter  decreases  with  E-3.  Special  low  emittance 
optics  have  been  developped  for  high  energies  [7]  to  com¬ 
pensate  for  the  emittance  increase.  The  damping  times  also 
decrease  with  E-3  and  one  can  expect  that  larger  values  for 
£  can  be  obtained  before  the  beam-beam  limit  is  reached 
because  the  effects  of  resonances  are  suppressed. 

4.1  Luminosity  and  tune  shift 

The  vertical  beam-beam  parameter  £y  is  computed  from  the 
luminosity  measured  by  the  experiments,  using  the  mea¬ 
sured  bunch  intensity,  the  unperturbed  f3y  and  the  theoret¬ 
ical  horizontal  emittance.  All  values  quoted  are  averaged 
over  the  4  experiments  and  2  minutes.  With  this  procedure 
maximum  values  of  0.07  for  £y  and  around  0.05  for  £x  have 
been  obtained  at  94.5  GeV.  The  highest  value  was  0.075, 
however  only  in  a  single  experiment  and  for  less  than  one 
minute.  The  Fig.2  shows  the  evolution  of  the  vertical  beam- 


Figure  2:  Vertical  beam-beam  parameter  £y  as  function  of 
intensity  for  one  fill 

beam  parameter  during  one  of  the  best  fills  as  a  function  of 
the  decreasing  bunch  intensity.  No  sign  of  saturation  can 
be  seen  up  to  the  maximum  of  £y  =  0.07  and  £  seems  to 
linearly  decrease  with  the  intensity.  At  this  energy  LEP  is 
operated  with  four  bunches  per  beam  and  the  current  per 
bunch  at  the  start  of  a  fill  was  approximately  750  fiA.  From 
Fig.l  it  can  be  derived  that  the  tune  shift  per  interaction 
point  is  around  0.05,  i.e.  a  very  significant  part  of  the  tune 
space  is  occupied  by  the  beam-beam  tune  spread.  For  both 
planes  it  is  increasingly  difficult  to  find  a  working  point  to 
avoid  resonances.  It  was  demonstrated  [6]  that  in  particular 
the  background  generated  from  tails  or  coherent  motion  is 
extremely  sensitive  to  the  choice  of  the  horizontal  working 
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point.  This  requires  a  continuous  monitoring  and  adjust¬ 
ment  of  the  tune  while  it  changes  with  decreasing  current. 

4.2  Optics  dependence  of  beam-beam  effects 

The  effects  of  the  beam-beam  interaction  depend  on  the  op¬ 
tics  used.  In  particular  they  depend  on  the  phase  advance 
between  the  interaction  points,  the  lattice  non-linearities 
and  imperfections.  In  the  course  of  the  search  for  an  ap¬ 
propriate  low  emittance  lattice  it  was  found  that  the  beam- 
beam  interaction  can  create  or  enhance  beam  tails  which 
can  limit  the  performance  of  the  machine  when  the  dy¬ 
namic  aperture  is  not  sufficiently  large.  This  effect  and  its 
dependence  on  the  optics  parameters  is  treated  in  another 
paper  [7]. 

4.3  Optical  functions  at  interaction  point 

The  beam-beam  forces  at  the  interaction  points  act  as  non¬ 
linear  lenses  and  therefore  distort  the  optics.  The  most  ob¬ 
vious  manifestation  of  these  distortions  is  the  tune  shift  A Q 
and  the  amplitude  dependent  beating  of  the  optics  func¬ 
tions.  Such  effects  are  non-negligible  and  must  be  taken 
into  account  for  beam  measurements,  such  as  e.g.  emit¬ 
tance  measurements[8,  9].  The  change  of  the  /3-functions 
at  the  interaction  points  can  be  calculated  as  shown  above 
for  small  amplitude  particles:  without  any  further  imper¬ 
fections,  the  effect  of  four  symmetric  beam-beam  colli¬ 
sions  is  a  decrease  of  the  horizontal  and  vertical  /3.  This 
effect  is  equal  for  all  collision  points  when  the  phase  ad¬ 
vance  between  them  is  equal  (eq.  (4)).  Phase  advance 
errors  between  the  collision  points  can  break  this  symme¬ 
try.  A  ’’phase  bump”,  i.e.  a  small  phase  advance  error  be¬ 
tween  two  interaction  points  and  compensated  in  the  fol¬ 
lowing  arc  usually  introduces  a  global  beating  and  reduces 
the  /3  symmetrically  everywhere.  In  the  presence  of  beam- 
beam  interactions  however,  this  symmetry  is  broken  and  /3 
is  drastically  decreased  in  one  single  interaction  point,  pos¬ 
sibly  leading  to  different  luminosities.  Such  imbalanced 
luminosities  have  been  observed  during  a  large  part  of  LEP 
running  in  1998  [10]  and  beam-beam  induced  optics  dis¬ 
tortions  remain  a  possible  explanation.  A  similar  effect  is 


Figure  3:  Optical  functions  at  interaction  point  modified  by 
beam-beam  interactions 


reproduced  by  small  collision  offsets.  While  for  head  on 
collisions  the  modification  of  the  optics  function  is  fully 
symmetric,  with  small  collision  offsets  of  the  order  of  the 
beam  size  a  strong  beating  is  introduced,  similar  to  that  due 
to  phase  advance  errors.  The  correction  of  a  collision  off¬ 
set  in  one  collision  point  will  therefore  also  improve  the 
performance  in  the  others.  These  effects  are  summarized 
for  one  example  in  Fig.3.  The  value  of  f3y  is  shown  for  the 
four  interaction  points  under  different  conditions.  The  un¬ 
perturbed  values  are  indicated  as  (•)  and  the  effect  of  a  pure 
phase  advance  error  before  and  after  IP4  as  (o).  The  phase 
error  introduced  to  produce  this  effect  was  around  10°.  Fur¬ 
ther  we  show  the  effect  of  a  symmetric  beam-beam  inter¬ 
action  without  imperfections  (A),  phase  advance  error  with 
beam-beam  (x)  and  beam-beam  with  a  small  offset  in  IP2 
(0).  It  is  clear  that  running  LEP  in  the  strong  beam-beam 
regime  requires  a  careful  setting  of  the  machine  parame¬ 
ters,  in  particular  phase  advance  errors  or  collision  offsets 
must  be  avoided. 

5  CONCLUSION 

The  beam-beam  effect  in  LEP  was  analysed  as  a  func¬ 
tion  of  the  bunch  intensity  and  no  sign  of  saturation  of  the 
luminosity  or  the  beam-beam  parameter  was  found.  Al¬ 
though  LEP  is  therefore  not  beam-beam  limited  in  the  clas¬ 
sical  sense,  the  very  strong  beam-beam  effect  with  beam- 
beam  parameters  above  0.07  is  the  origin  of  other  effects 
which  indirectly  limit  the  performance  and  constitute  there¬ 
fore  a  ’’beam-beam  induced”  limit,  or  a  ’’weak”  beam-beam 
limit. 
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PROTECTION  OF  LEP  EXPERIMENTS  AGAINST  PARTICLE 
BACKGROUND  AT  HIGHEST  BEAM  ENERGIES 


G.  von  Holtey,  M.  Lamont,  CERN,  Geneva,  Switzerland 


Abstract 

The  protection  system  used  to  shield  LEP 
experiments  against  particle  backgrounds  has  been 
upgraded  in  view  of  the  much  higher  photon  background 
rates  expected  at  LEP2  energies.  General  experience 
with  background  rates  in  the  LEP  experiments  at  highest 
beam  energies  is  reported  and  special  features  are 
highlighted. 

1  INTRODUCTION 

The  main  particle  backgrounds  at  LEP  are  off-energy 
electrons  and  positrons  produced  by  beam-gas 
bremsstrahlung  and  synchrotron  radiation  (SR)  photons 
produced  in  the  closest  bending  magnets  and  in 
quadrupoles  in  the  straight  sections  on  either  side  of  the 
experimental  detectors.  While  off-energy  electron  rates 


under  normal  vacuum  conditions  are  acceptable  and  are 
not  expected  to  increase  with  energy,  the  low  energy  SR 
photon  background  is  many  orders  of  magnitude  larger 
than  can  be  tolerated  and  increases  rapidly  with  beam 
energy.  The  LEP  collimator  protection  system,  designed 
for  45  GeV,  therefore  had  to  be  extended  in  order  to 
cope  with  the  much  increased  photon  rates  to  be 
expected  at  twice  the  beam  energy.  The  most  important 
limit  on  photon  background  comes  from  aging  of  gas 
tracking  detectors.  They  are  designed  to  be  sensitive  to 
energy  depositions  of  <lkeV  for  minimum-ionizing 
charged  particles  and  are  therefore  sensitive  to  keV 
photons,  which  interact  in  the  gas  or  other  local  material 
[1]. 

After  a  description  of  the  LEP2  background 
protection  system,  experience  with  detector  backgrounds 
at  high  beam  energies  are  reported. 


Figure  1:  Schematic  layout  of  SR-mask  around  a  LEP  IP,  indicating  the  boundary  conditions  for  a  mask  solution. 


2  LEP  BACKGROUND  PROTECTION 

The  LEP  detectors  are  protected  against  beam 
induced  background  particles  by  a  system  of  movable 
two-jaw  collimators  placed  at  strategical  locations  in  the 
experimental  insertions.  The  LEP1  system  is  composed 
of  16  horizontal  or  vertical  collimators  for  each 
experiment,  plus  six  aperture  limiting  collimators 


located  in  a  non-experimental  insertion  [2].  Simulations 
of  SR-photon  background  at  90  GeV  indicated  a  large 
increase  of  the  photon  rate,  mainly  due  to  back- 
scattering  of  photons  from  the  first  50  m  of  vacuum 
chambers  around  the  IP  [3].  The  solution  proposed  was 
to  enlarge  where  ever  possible  vacuum  chambers,  to 
install  eight  more  collimators  per  experiment,  and  as  the 
main  defense  to  incorporate  cylindrical  tungsten 
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absorbers  into  the  experimental  vacuum  chambers  [4]. 
The  functionality  of  these  SR-masks  and  the  MC 
predictions  were  verified  with  a  test  SR-mask  installed 
in  DELPHI  during  1994  and  1995  using  45  GeV  and 
65  GeV  beams  [5].  A  schematic  layout  of  a  SR-mask  is 
shown  in  Figure  1,  a  comparison  of  measured 
background  rates  with  different  simulations  is  given  in 
Figure  2. 


Figure  2:  Monte  Carlo  predictions  and  measurements  in  the 
DELPHI  TPC.  Data  points  (photons  per  bunch  crossing  BX) 
are  from  the  TPC,  solid  line  MC  [3],  broken  line  MC  [6]. 

65  GeV. 

Following  the  positive  test  results,  the  upgraded 
LEP2  protection  system,  including  SR-masks,  was 
installed  for  the  1997  run  in  all  four  experiments  and  has 
proven  since  to  protect  the  detectors  well  at  increasing 
beam  energies  up  to  the  94.5  GeV  run  during  1998.  As 
an  example  SR-photon  and  off-energy  background  rates 
for  different  energies  and  LEP  optics  measured  by 
OPAL  are  shown  in  Figure  3.  Rates  increase  linearly 
with  current.  The  large  fluctuation  of  the  SR-photon  rate 
reflects  the  strong  dependence  of  this  background  on 
several  machine  parameters. 

3  LIMITATIONS  OF  THE  MASK 
SOLUTION 

On  the  other  hand,  as  the  SR-masks  are  protruding 
into  the  vacuum  chamber  only  2.5  m  away  from  the  IP, 
they  become  very  effective  sources  for  low  energy 
photons  to  be  scattered  into  the  detectors.  The  absorber 
rings  are  therefore  shaped  in  such  a  way  as  to  suppress 
all  forward  scattering.  Back-scattering  however  from  the 
downstream  mask  can  not  be  avoided.  The  only  solution 
is  therefore  to  shield  the  downstream  mask  against  direct 
photon  hits. 

This  is  achieved  by  a  pair  of  additional  horizontal 
collimators  (COLH.QS3  or  4),  placed  close  to  a 


horizontal  beam  waist,  some  50  m  from  the  IP’s. 
However,  as  LEP  beam  optics  are  considerably  different 
in  insertions  IP4  and  IP8  compared  to  the  two  other 
insertions,  the  horizontal  beta-functions  at  the  collimator 
location  in  IP4  and  IP8  are  two  times  larger  and  the 
mask  protection  is  consequently  not  as  good. 

Sufficient  protection  can,  however,  still  be  achieved 
for  both  types  of  insertions  as  long  as  the  density 
distribution  of  the  horizontal  beam  tails  stay  close  to 
Gaussian.  An  example  is  shown  in  Figure  4.  Closing  the 
protection  collimators  to  14  ax,  the  minimum  allowed 
setting  before  scraping  into  the  beam,  good  protection  is 
obtained  in  OPAL  (IP6)  and  DELPHI  (IP8).  The 
measurement  also  demonstrates  the  limited  margin  left 
for  the  collimator  opening  in  DELPHI,  at  which  point 
the  SR-mask  is  no  longer  protected  and  the  photon  rate 
starts  to  increase  exponentially. 

According  to  simulations  for  IP8  the  downstream  SR- 
masks  are  hit  by  about  3.103  photons  per  bunch  crossing 
(BX)  with  Gaussian  beams  of  3  mA,  against  about  7.106 
photons/BX  with  exponential  beam  distributions.  These 
photons  are  radiated  by  electrons  on  *6  sigma  orbits  in 
straight  section  quadrupoles  50  to  150  m  upstream  of  the 
IP.  The  scattering  probability  from  the  tungsten  mask 
into  the  detector  for  photons  in  the  several  100  keV 
energy  range  is  of  order  5.10  s,  which  amounts  to  several 
100  photon  hits/BX  in  the  case  of  exponential  beams.  As 
the  trip  level  for  the  central  detectors  is  in  the  region  of 
•10  photons/BX,  such  high  rates  could  not  be  tolerated. 

98/02/12  09.32 

OPAL  CV  bockground  rotes  (1997) 


Total  beam  current  /  bunch  (/iA) 


Figure  3:  Hit  rates  per  bunch  crossing  of  synchrotron  radiation 
photons  and  off-energy  electrons  measured  in  the  OPAL 
Vertex  Drift  Chamber  (CV)  are  shown  as  function  of  the  total 
current  in  the  two  crossing  bunches.  The  different  symbols 
belong  to  different  beam  energies  and  LEP  optics.  One  unit  of 
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‘figure-of-merit’  corresponds  to  a  photon  hit  rate  of  about 
0.6/BX  and  an  electron  hit  rate  of  about  0.9/BX  [7]. 


Figure  4:  “Figure-of-merit”  for  SR-photons  (BGD1)  measured 
in  DELPHI  and  OPAL  as  function  of  the  opening  of  horizontal 
collimators  COLH.QS3  and  COLH.QS4,  respectively. 
(92  GeV,  e  =  30  nm). 

While  off-energy  and  SR-photon  background  rates 
stayed  acceptably  small  under  normal  beam  conditions 
during  1998  running  at  94.5  GeV  with  currents  up  to 
3  mA/beam,  occasionally  large  spikes  and  short  periods 
of  high  photon  background  were  observed,  which  led  in 
many  cases  to  detector  trips,  particularly  in  ALEPH 
(IP4)  and  DELPHI  (IPS)  [8]. 

These  “photon  storms”  are  believed  to  be  due  to 
resonance  build-up  of  non-Gaussian  beam  tails  in  the 
horizontal  plane.  In  the  two  insertions,  where  limited 
mask  protection  exists,  SR-photons  radiated  by  electrons 
in  the  far  tails  can  reach  the  inner  tip  of  the  downstream 
mask  and  back-scatter  into  the  detectors.  Photon  storms 
can  occur  several  times  during  a  fill,  apparently 
uncorrelated  to  beam  current.  The  slow  exponential  rise 
of  the  photon  rate  over  several  minutes  can  be  stopped 
and  restored  by  a  very  small  increase  of  the  horizontal 
tune  of  order  0.005  (see  Figure  5). 

In  a  MD  experiment  [9]  photon  storms  could  be 
triggered  by  reducing  the  horizontal  tune  to  reach  the 
3Qx+Qy=l  resonance.  No  reduction  of  the  beam 
lifetimes  was  observed,  however,  tail  scans  unveiled  a 
strong  increase  of  the  particle  density  in  the  horizontal 
and  vertical  tails  of  one  of  the  beams. 

Further  beam  studies  are  needed  to  better  understand 
the  underlying  effects  during  data  taking  conditions  and 
to  isolate  the  resonance’s  in  question.  Better  collimator 
protection  can  be  achieved  if  the  horizontal  aperture 
limit  can  be  reduced  below  the  present  12ctx.  Increasing 
the  horizontal  beta-value  at  the  interaction  points  will 
reduce  the  beam  size  at  the  low-beta  quadrupoles  and 
allow  for  closer  collimator  settings. 


Figure  5:  Background  rates  in  ALEPH  (dotted  line),  DELPHI 
(full  line),  OPAL  (dash-dotted  line)  and  L3  (dashed  line) 
during  a  “photon  storm”  with  data  taking  at  94.5  GeV.  The 
exponential  rise  was  stopped  and  the  rates  restored  by  a  Qx 
trim  of  +0.005. 
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Abstract 

The  accurate  measurement  of  the  W  Boson  mass  at  LEP  re¬ 
quires  to  determine  the  beam  energy  to  the  highest  possible 
precision.  Present  schemes  rely  on  accurate  energy  deter¬ 
minations  in  the  range  from  40  to  60  GeV  using  resonant 
depolarization  and  on  precise  extrapolations  to  high  energy. 
Several  methods  based  on  measurements  of  the  energy  loss 
due  to  synchrotron  radiation  have  been  studied.  Different 
approaches  such  as  the  study  of  the  damping  time  of  trans¬ 
verse  oscillations,  the  radio  frequency  sawtooth  and  the  de¬ 
pendence  of  the  synchrotron  tune  on  the  total  accelerating 
voltage  are  described  and  results  are  discussed. 

1  MOTIVATION 

LEP2  provides  a  rather  unique  opportunity  to  study  energy 
loss  and  synchrotron  frequency  in  an  environment  with  ma¬ 
jor  energy  losses  and  high  Q,.  The  main  motivation  for  the 
studies  presented  below  however  is  the  development  of  a 
reliable  energy  determination  at  the  highest  energies  with 
an  accuracy  of  20  MeV  or  better.  The  presently  used  ex¬ 
trapolation  methods  using  magnetic  measurements  cross- 
calibrated  with  resonant  depolarization  in  the  range  from 
40  to  60  GeV  show  systematic  effects  of  the  order  of  20 
MeV  at  highest  energies  [1],  The  methods  mentioned  be¬ 
low  are  alternatives,  based  mainly  on  determinations  of  the 
energy  loss  and  using  existing  LEP  equipment. 

2  MEASUREMENTS 

2.1  Damping  of  Coherent  Oscillations 

A  coherent  horizontal  oscillation  is  excited  by  a  single  kick 
and  the  center-of-charge  position  of  the  bunch  is  observed 
over  1024  consecutive  turns.  A  fit  to  the  data  by  a  damped 
oscillation  with  amplitude  dependent  frequency  yields  the 
coherent  damping  time  r  as  described  in  [2],  The  coher¬ 
ent  damping  at  LEP  is  composed  of  radiation  and  head-tail 
damping: 

Q' 

1/^coh  —  l/r„  1  / 'T'head'Uil  with  1  / ^head-lall  ****  rp  f 

■£'0 

where  Q'  is  the  chromaticity,  /„  the  bunch  current  and  E„ 
the  beam  energy.  An  extrapolation  to  /„  =  0  yields  the 
damping  rate  due  to  synchrotron  radiation  r"1  from  which 
the  energy  loss  or  energy  can  be  extracted.  Table  1  gives  the 
results  for  measurements  at  60  and  45.625  GeV.  Although 
the  measurements  are  in  good  agreement  with  the  MAD  [3] 
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energy  [GeV] 

energy  loss  [MeV] 

MAD 

measured 

45.625 

127 

126  ±  9 

60.000 

380 

382  ±  4 

Table  1:  Results  and  MAD  predictions  of  the  energy  loss  due 
to  synchrotron  radiation  at  45.6  and  60  GeV  beam  energy. 


predictions,  the  resulting  relative  energy  uncertainty  is  of 
the  order  of  0(1%). 

2.2  The  Energy  Sawtooth 

The  horizontal  beam  position  is  a  function  of  the  local  mo¬ 
mentum.  The  continuous  energy  loss  in  the  arc  sections 
leads  to  sawtooth-like  horizontal  orbits  in  the  LEP  ring. 
The  difference  between  the  positron  and  electron  orbits  can 
be  used  to  determine  the  energy  loss  with  the  help  of  the 
horizontal  dispersion.  Results  of  fits  to  the  sawtooth  are 
shown  in  figure  1  where  the  energy  loss  is  plotted  as  a  func¬ 
tion  of  the  day  in  the  year.  Details  on  the  fit  method  can  be 
found  in  [4].  The  fit  results  seem  to  scatter  around  a  central 
value  but  there  are  clear  “jumps”  some  of  which  correspond 
to  BPM  calibrations  (dashed  lines).  The  other  jumps  could 
not  yet  be  accounted  for.  The  RMS  of  the  energy  loss  distri¬ 
bution  before  day  275  is  relatively  small  and  corresponds  to 
a  relative  uncertainty  of  the  energy  of  around  0(5  ■  10-4). 
This  method  however  is  strongly  limited  by  systematic  ef¬ 
fects.  The  fit  results  differ  between  the  octants,  depend  on 
the  selection  of  rejected  (faulty)  BPMs  and  exhibit  “jumps” 


Day 


Figure  1 :  Energy  loss  from  the  sawtooth  fits  in  MeV  as 
Junction  of  day  in  year.  The  dashed  lines  denote  BPM 
calibrations. 
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sometimes  correlated  to  BPM  calibrations.  The  good  in¬ 
trinsic  accuracy  and  the  parasitic  measurement  favor  this 
method  but  the  systematics  are  not  yet  under  control. 

2.3  Qs  and  total  RF  Voltage 

As  the  synchrotron  tune  depends  on  the  beam  energy  as 
well  as  on  energy  loss  Uo  and  total  RF  voltage  Vrf,  mea¬ 
surements  of  these  dependencies  can  be  used  to  determine 
the  beam  energy.  The  upper  plot  of  fig.  2  shows  a  measure- 


Vjjp/MV 


Figure  2:  Upper  plot:  Synchrotron  tune  as  function  of 
total  RF  voltage  measured  at  50.005  GeV.  The  curve  is 
a  best  fit  according  to  eq.(l).  Lower  plot:  Difference 
between  data  and  fit  for  the  same  range. 

ment  of  the  synchrotron  tune  as  function  of  total  RF  voltage 
at  50.005  GeV.  The  curve  is  a  best  fit  according  to 

<3-  =  (£i)  fvSF-uS  (i) 


with  Uo  =  C-f/p  E4,ac  being  the  momentum  compaction 
factor,  h  the  harmonic  number  and  p  the  average  magnetic 
radius.  This  analytical  model  is  only  valid  when  the  RF 
voltage  is  homogenously  distributed  along  the  ring  and  for 
slow  synchrotron  oscillations.  It  has  to  be  refined  to  take 
into  account  the  large  energy  loss  ofUo/E~  2%  at  highest 
energies.  The  bottom  plot  of  fig.  2  shows  the  difference  be¬ 
tween  data  and  fit.  Residuals  and  \2  show  the  sensitivity  of 
the  data  to  additional  corrections  which  can  be  determined 
in  the  fit  or  included  as  constraints  from  separate  measure¬ 
ments  and  calculations.  A  first  step  is  the  correction  of  the 
energy  for  differences  between  the  central  frequency  and 
the  actual  RF  frequency 

ec  =  e(i-  —  (2) 

V  ac  fRF  ) 

and  the  introduction  of  a  “voltage  correction  factor” 
Vrf  — >  g  Vrf  to  take  care  of  RF  voltage  calibration 
and  phasing  errors.  In  addition  to  the  synchrotron  radia¬ 
tion  loss  in  dipoles  other  energy  losses  have  to  be  taken 
into  account:  energy  loss  from  quadrupoles  due  to  saw¬ 
tooth  and  closed  orbit  distortions,  energy  loss  from  correc¬ 
tors,  parasitic  mode  losses,  corrections  due  to  finite  beam 


size  and  to  the  momentum  offset  due  to  central  frequency 
and  tides.  The  finite  beam  size  adds  a  contribution  equiv¬ 
alent  to  a  shift  of  the  beam  by  one  RMS  beam  size.  The 
sum  of  these  losses  is  K  =  2.57  MeV  at  50.005  GeV  and 
K  =  2.65  MeV  at  60.589  GeV  with  an  overall  uncertainty 
of  A K  =  ±0.50  MeV.  The  total  energy  loss  Uo  used  in 
eq.(l)is  finally 

Uo  =  ^lE4  +  K  (3) 

P 

To  study  the  fit  quality  and  to  find  a  correction  for  the  un¬ 
equally  distributed  RF  voltage,  the  model  was  tested  with 
the  MAD  simulation  program.  Figure  3  shows  Q,  generated 
for  a  beam  energy  of  50.005  GeV  with  different  RF  config¬ 
urations:  a  realistic  case  with  the  normal  LEP  RF  distribu¬ 
tion,  a  case  where  the  same  total  voltage  is  concentrated  in 
one  point  and  the  limit  of  a  homogenous  distribution  where 
the  voltage  is  distributed  over  the  whole  ring.  To  account 


Figure  3:  Synchrotron  tune  as  Junction  of  total  RF  volt¬ 
age  as  calculated  with  MAD  for  different  RF  configura¬ 
tions.  The  curve  is  a  fit  to  the  “realistic  "  RF  distribution 
using  the  fit  model  eq.(4)  with  appropriate  input  param¬ 
eters. 


for  the  RF  distribution,  a  term  proportional  to  VFF  has  to 
be  added  to  eq.(l).  The  weight  factor  M  is  taken  from  the 
fit  to  the  MAD  dataset.  The  final  model  reads  as  follows: 


q: 


(ach\2  [92VrF 
\2n)  \  El 


+  Mg 


4V,4 


RF 


(4) 


with  the  relations  from  equations  (2,3).  The  energy  ex¬ 
tracted  from  a  fit  to  simulation  data  is  in  good  agree¬ 
ment  with  the  input  energy.  A  systematic  uncertainty  of 
±10  MeV  is  assigned  to  the  fit  results.  Figure  4  shows  the 
measurements  at  50.005  and  60.589  GeV.  The  curves  are 
best  fits  using  the  “final”  model  of  eq.(4).  The  momentum 
compaction  factor  ac  and  the  voltage  nonlinearity  factor  M 
are  taken  from  MAD.  All  other  parameters  were  allowed  to 
vary  in  the  fit.  Figure  5  shows  the  residuals  of  the  fit  to  the 
50.005  GeV  data.  It  is  clearly  visible  that  the  model  is  able 
to  reproduce  the  measurements  quite  accurately.  External 
knowledge  was  incorporated  in  the  fit  by  introducing  con¬ 
straints  of  the  type  (a  —  anom)2/a2a  where  a  stands  for  a 
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Vrf/MV 


Figure  4:  Measurements  of  Qs  as  function  of  total  RF 
voltage.  The  curves  are  the  results  of  the  fits  according 
to  eq.(4). 

fit  parameter  and  cr0  for  its  estimated  uncertainty  to  the  x2- 
function.  anom  is  the  value  the  parameter  is  constrained  to. 
The  beam  energy  was  constrained  to  the  nominal  energy, 
<te  was  set  to  ±  50  MeV.  The  central  value  of  K  was  set  to 
the  given  values  with  an  error  of  ±  0.5  MeV.  The  voltage 
correction  factory  was  constrained  to  the  average  value  ob¬ 
tained  from  the  measurements.  <rg  was  estimated  from  the 
spread  of  the  results.  The  value  of  g  =  0.95415  ±  0.0005 
implies  that  the  effective  voltage  is  about  5%  less  than  the 
nominal  voltage.  In  table  2  fit  results  are  compared  to  the 


Enom 

Em 

A  E/E 

Epo\ 

50.005 

50.013  ±  0.026 

5.210-4 

50.020 

60.589 

60.576  ±  0.021 

3.510-4 

60.597 

Table  2:  Results  of  the  fits  using  the  model  ofeq.(4).  All  en¬ 
ergies  are  given  in  GeV.  The  systematic  uncertainty  assigned 
to  the  results  from  studies  with  MAD  is  ±  10  MeV. 


nominal  machine  energy  (obtained  from  the  magnet  cali¬ 
bration  curves)  and  to  the  energies  measured  with  resonant 
depolarization  in  the  following  fill.  The  impact  of  the  en¬ 
ergy  constraint  on  the  final  errors  is  small.  For  both  mea¬ 
surements  the  fitted  energies  are  lower  than  the  polarization 
energies  but  still  agree  within  their  errors.  The  error  is  of 
the  required  magnitude.  Preliminary  measurements  at  high 
energy  indicate  that  the  absolute  error  is  essentially  energy 
independent,  A E  fa  2bMeV.  This  value  can  be  improved 
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Figure  5:  Difference  between  data  and fit for  the  final  fit 
model. 


if  tighter  bounds  can  be  set  on  K  and  g.  If  the  energy  is 
known  from  other  measurements  (resonant  depolarization) 
the  same  fits  can  be  used  to  extract  the  momentum  com¬ 
paction  factor.  The  relative  uncertainty  resulting  from  this 
method  is  Aac/ac  fa  1  •  10-3  whereas  conventional  mea¬ 
surements  have  relative  uncertainties  of  1  -  2%.  All  mea¬ 
surements  of  the  momentum  compaction  factor  are  in  good 
agreement  with  the  MAD  value. 

3  SUMMARY 

Several  methods  to  measure  the  energy  from  the  energy 
loss  using  existing  LEP  equipment  have  been  studied.  To 
be  useful,  the  relative  calibration  uncertainty  should  not 
exceed  a  few  times  10-4.  The  determination  of  the  en¬ 
ergy  loss  from  the  damping  of  coherent  oscillations  gives 
a  relative  error  of  0(1%).  The  measurement  of  the  energy 
loss  using  the  energy  sawtooth  has  a  good  intrinsic  accu¬ 
racy  (0(5  •  10-4))  and  does  not  require  dedicated  beam 
time.  However  the  systematics  are  not  yet  under  control. 
The  most  promising  method  is  the  measurement  of  the  syn¬ 
chrotron  tune  as  function  of  the  total  RF  voltage.  Exter¬ 
nal  information  is  introduced  into  the  fit  in  a  controlled 
way  which  also  allows  to  assess  sensitivities  to  input  pa¬ 
rameters  and  simulation  biases.  A  relative  energy  error  of 
A  E/E  —  2.8  ■  10~4  has  been  reached  and  further  improve¬ 
ments  are  possible. 
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Abstract 

With  a  circumference  of  26.7  km  the  LEP  ring  is  subject 
to  long  range  geological  deformations  which  must  be  mon¬ 
itored  accurately  to  guarantee  a  sufficient  precision  on  the 
beam  energy  for  the  LEP  experiments.  Changes  of  the  LEP 
circumference  can  be  extracted  from  the  radial  position  of 
the  closed  orbits  with  an  accuracy  better  than  0.1  mm.  The 
observed  tidal  deformations  with  amplitudes  of  up  to  1  mm 
were  found  to  be  in  good  agreement  with  geological  mod¬ 
els.  Besides  such  periodic  effects  seasonal  circumference 
variations  of  2  mm  are  also  observed.  A  summary  of  mea¬ 
surements  collected  between  1993  and  1998  is  presented. 

1  INTRODUCTION 

The  influence  of  terrestrial  tides  on  the  LEP  beam  energy 
was  discovered  in  1991  when  calibrations  were  performed 
for  the  first  time  by  resonant  depolarization  [1,  2].  In  1992 
and  1993  further  studies  demonstrated  that  the  beam  energy 
variations  were  in  good  agreement  with  the  predictions  of 
tide  models  [3],  But  it  also  became  clear  that  in  addition 
to  tidal  deformations  the  ring  was  subject  to  long  term  cir¬ 
cumference  oscillations  with  an  annual  periodicity.  Energy 
calibrations  by  resonant  depolarization  have  an  accuracy 
of  10  ppm  but  can  only  be  performed  when  the  beam  are 
not  colliding.  For  very  precise  measurements  of  the  Z  bo¬ 
son  mass  and  width  this  calibration  must  be  extrapolated  in 
time  to  the  periods  where  the  beams  collide  and  the  LEP 
experiments  take  data  without  spoiling  the  excellent  accu¬ 
racy  [4],  Information  extracted  from  closed  orbits  has  been 
used  to  track  and  understand  circumference  changes  which 
alter  the  LEP  beam  energy  [5,  6].  This  paper  reviews  the 
present  knowledge  on  radial  deformation  at  LEP. 

2  RADIAL  DEFORMATIONS 


where  a  is  the  momentum  compaction  factor,  e  is  the  hor¬ 
izontal  strain.  For  the  LEP  optics  used  between  1993  and 
1998  a  varied  between  1.43  •  10-4  and  1.86  ■  10~4. 

The  horizontal  movement  of  the  beam  relative  to  the 
quadrupoles  can  be  observed  either  through  the  energy 
change  or  directly  with  the  beam  orbit  measurement  sys¬ 
tem.  To  enhance  the  sensitivity  and  reduce  the  systematic 
errors,  the  horizontal  beam  position  is  averaged  over  all 
BPMs  (Beam  Position  Monitors)  located  in  the  regular  arc 
FODO  cells  at  the  vertically  focussing  quadrupoles  [5,  6], 
Up  to  240  BPMs  can  be  used  to  compute  this  average  beam 
position  which  will  be  denoted  Xarc-  The  horizontal  dis¬ 
persion  Dx  is  ideally  identical  at  all  the  selected  BPMs. 
Xarc  is  related  to  AC  by 


^  AE 

AXArc  =  Dx^-  = 


Dx  AC 
a  C 


(2) 


The  factor  Dx/a  can  be  measured  using  a  controlled 
change  of  the  RF  frequency  fRF  since  this  leads  to  a  po¬ 
sition  shift  of 


AXarc  =  -  —  ^  (3) 

a  fRF 

The  ratio  Dx/a  «  2.5  —  2.9  •  103  (m)  depends  slightly  on 
the  beam  optics.  The  measurements  agree  with  MAD  [7] 
calculations  within  2%. 

3  EARTH  TIDES 

Tides  are  caused  by  the  1/r2  dependence  of  the  gravita¬ 
tional  attraction  of  the  sun  and  the  moon.  The  presence  of 
a  celestial  body  leads  to  a  quadrupolar  deformation  of  the 
Earth  surface.  The  radius  change  A R  is 

AR  ~  ^ P2(cos9 )  =  ^(3cos20  -  1)  (4) 

£1°  Z 


Since  in  LEP  the  particles  are  ultra-relativistic,  their  orbit 
length  is  determined  by  the  frequency  of  the  RF  system 
which  is  normally  kept  constant.  As  a  consequence  of  a 
circumference  change  AC,  the  beam  is  forced  to  adapt  its 
radial  position  in  the  quadrupoles.  The  additional  bending 
field  leads  to  a  change  in  energy  AE  : 

AE  1  AC  e 

E  “  a  C  ~  a  (1) 
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where  6  is  the  angle  between  the  vertical  and  the  celestial 
body  and  a  is  the  distance  to  the  body  of  mass  M.  P2  is  the 
2nd  order  Legendre  polynomial.  Figure  1  shows  a  sketch 
of  the  lunar  tide  bulge.  Sun  tides  are  about  50%  weaker 
than  Moon  tides.  Under  the  influence  of  the  tidal  forces  the 
earth  surface  moves  vertically  by  about  ±  12  cm  in  the  area 
around  Geneva.  The  associated  horizontal  strain  e  induces 
peak-to-peak  circumference  changes  of  up  to  1  mm. 

The  influence  of  the  tides  on  LEP  can  be  described  by  a 
CTE  (Cartwright-Taylor-Edden)  model  which  includes  the 
505  main  tide  harmonics  [8].  A  program  based  on  such  a 
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Earth  Rotation 
Axis 


Figure  1:  Tidal  deformation  of  the  Earth  surface  due  to 
the  presence  of  the  Moon.  The  inclination  ee  of  the  Earth 
rotational  axis  with  respect  to  the  plane  of  the  ecliptic  is 
23.5°.  The  inclination  Em  of  the  lunar  orbital  plane  is  5.1°. 


Figure  3:  Example  of  the  evolution  of  X arc  during  a  LEP 
fill.  The  data  points  follow  the  variation  expected  from  the 
CTE  tide  model. 


tide  model,  where  some  parameters  are  adjusted  with  ac¬ 
tual  gravity  measurements,  is  available  to  estimate  the  tidal 
change  in  gravitational  acceleration  Ag  which  must  then 
be  related  to  the  strain  e.  Figure  2  shows  an  example  of 
tide"  predictions  for  LfiP.  At  high  tides  |Ag|  reaches  1.5 
H m/s2  around  LEP  for  an  average  acceleration  of  gravity 
g  =  9.805  m/s2. 

The  fraction  of  gravity  change  that  couples  into  a  hor¬ 
izontal  strain  e  can  be  described  by  a  coupling  parameter 
Ax  : 


(5) 


where  At  »  —0.16  from  geological  observations  [8].  The 
maximum  strain  e  reaches  a  tiny  «  ±2.2  ■  10-8. 

The  beam  position  measurement  Xarc  can  now  be  re- 


Figure  2:  Local  gravity  change  Ag  predicted  for  LEP.  The 
time  scale  starts  on  January  1st  1996.  The  largest  ampli¬ 
tudes  occur  every  14  days  at  full  and  new  Moon.  The  first 
high  tide  on  January  5th  corresponds  to  full  Moon.  The 
amplitudes  are  modulated  by  the  eccentricity  of  the  lunar 
orbit  and  the  seasonal  variation  of  the  Sun  position. 


lated  to  Ag : 


A  Xarc  = 


D*  AC 
a  C 


DxAt  Ag 

a  g 


(6) 


Figure  3  shows  an  example  of  a  tidal  distortion  of  the  ring 
observed  with  the  BOM  system  over  a  LEP  fill. 

A  sample  closed  orbits  acquired  in  stable  beam  condi¬ 
tions  in  1994  and  1995  has  been  used  for  the  analysis  of 
tide  effects.  The  sample  of  ARC  BPMs  is  scanned  for 
channel  which  show  frequent  problems  or  a  suspicious  be¬ 
haviour.  Such  BPMs  (about  40  out  of  the  240)  are  com¬ 
pletely  removed  from  the  analysis.  To  avoid  biases  due  to 
slow  changes  of  the  circumference  that  are  not  related  to 
tides,  only  the  changes  of  Xarc  with  respect  to  its  fill  av¬ 
erage  (maximum  12  hours)  are  fitted  to  Ag.  The  residuals 
of  the  individual  measurements  after  the  fit  are  typically  5 
to  7  /im.  Figure  4  shows  the  spread  of  Xarc  around  its 


Figure  4:  Distribution  of  the  residuals  of  Xarc  with  re¬ 
spect  to  the  fill  average  before  (dashed  histogram)  and  af¬ 
ter  tide  correction  (solid  histogram).  The  RMS  is  reduced 
from  14  to  5  /zm. 
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Figure  5:  Correlation  between  the  change  in  circumference 
AC  measured  with  the  BOM  system  and  the  predicted  tidal 
gravity  correction  Ag.  The  slope  is  -410  ±  20  s2. 

average  value  over  a  fill  before  and  after  correction  for  the 
tides. 

The  correlation  between  Ag  and  AC  is  shown  in  Fig¬ 
ure  5.  The  slope  AxC/g  (Equation  6)  is  measured  to  be 
-410  ±  20  s2,  yielding  Ax  =  -0.15  ±  0.01,  in  good  agree¬ 
ment  with  independent  geological  measurements.  The  er¬ 
ror  is  dominated  by  systematic  effects  due  to  tails  in  the 
distribution  of  the  fit  residuals  (Figure  4). 

The  measurements  obtained  from  this  analysis  agree 
well  with  the  results  from  energy  calibration  by  resonant 
depolarization  [3,  5]. 

4  LONG  TERM  RING  DEFORMATION 

Besides  the  periodic  tidal  movements  LEP  is  also  subject 
to  much  slower  long  term  circumference  changes.  Figure  6 
displays  the  circumference  changes  AC  of  LEP  between 
1993  and  1998.  AC  has  been  calculated  from  Xarc  af¬ 
ter  correction  for  tidal  effects.  Data  from  different  runs  or 
years  can  be  related  by  measuring  the  RF  frequency  for 
which  the  beam  is  on  average  centred  in  the  quadrupoles. 
Between  May  and  November  the  LEP  ring  experiences  cir¬ 
cumference  changes  of  up  to  2  mm,  the  general  trend  being 
reproducible  from  one  year  to  the  next.  The  circumference 
usually  increases  during  the  Summer  months.  Some  of  the 
changes  are  clearly  correlated  to  rainfall  and  to  fluctuations 
in  the  underground  water  table  height.  It  was  not  possible 
to  develop  a  model  able  to  predict  AC  with  good  accuracy 
because  the  geological  problem  is  complex  and  too  many 
variables  are  unknown. 

Those  seasonal  variations  of  the  circumference  are  very 
important  to  understand  the  LEP  beam  energy.  The  cir¬ 
cumference  changes  shown  in  Figure  6  are  an  important 


Figure  6:  Relative  change  of  the  LEP  circumference  AC 
between  1993  and  1998. 

ingredient  to  model  the  LEP  beam  energy.  The  associated 
energy  variation  is  AE/E  «  4  —  5  •  10~4,  which  is  more 
than  one  order  of  magnitude  larger  than  the  desired  accu¬ 
racy  on  E. 

5  CONCLUSION 

Closed  orbits  have  been  used  for  a  quantitative  determi¬ 
nation  of  the  deformation  of  LEP  due  to  terrestrial  tides. 
The  measured  decrease  of  the  LEP  circumference  of  4.1  ± 
0.2  fxm  for  a  relative  increase  in  the  local  gravity  of  10~9 
is  in  good  agreement  with  previous  measurements  by  reso¬ 
nant  depolarization  and  with  geological  observations. 

Besides  those  periodic  tide  effects  even  larger  seasonal 
circumference  variations  of  about  2  mm  peak-to-peak  have 
been  observed  from  the  beam  position  relative  to  the 
quadrupoles. 

The  information  gained  from  the  closed  orbit  data  has 
been  successfully  used  to  track  beam  energy  changes  and 
to  guarantee  a  precise  measurement  of  the  Z  boson  mass 
and  width. 
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THE  INTRINSIC  UPPER  LIMIT  TO  THE  BEAM  ENERGY  OF 
AN  ELECTRON-POSITRON  CIRCULAR  COLLIDER 
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Abstract 

In  this  paper  we  predict  that  there  exists  an  intrinsic  upper 
limit  to  the  beam  energy  of  an  e+e~  circular  collider  due 
to  the  beam-beam  effects.  The  maximum  beam  energy  is 
given  by  Eo,max  =  85.17 -//V/p(GeV),  where  Nip  is  the 
number  of  the  interaction  points  in  the  ring.  It  is  concluded 
that  LEP  is  the  only  machine  on  this  planet  which  has  the 
potential  to  test  the  validity  of  this  theoretical  prediction  by 
reducing  its  interaction  points  to  one. 


is  the  vertical  beam-beam  tune  shift.  At  each  interaction 
point  particles  in  a  bunch  will  be  deflected  transversely  by 
the  counter-rotating  bunch.  According  to  the  linear  theory 
of  beam-beam  dynamics  [4],  one  knows  that  for  two  equal 
charge  Gaussian  bunches  after  each  collision,  the  average 
beam-beam  kicks  of  each  particle  in  the  horizontal  and  the 
vertical  planes  are  expressed  as  follows 


Sx'  = 


2  Nerex 

7<+«+  +  <+) 


(3) 


1  INTRODUCTION 

Since  the  first  report  on  the  interactions  of 
200MeV+200MeV  e+e_  beams  in  the  single  storage 
ring  device,  named  AdA,  was  appeared  in  1964  [1],  the 
energy  of  the  interacting  electron  and  positron  beams  has 
increased  by  a  factor  of  300  in  about  30  years.  Due  to 
synchrotron  radiation  the  cost  of  an  e+e“  circular  collider 
is  increasing  with  energy  squared  [2].  It  is  taken  for 
granted  that  e+e~  collisions  at  energies  beyond  LEP  II 
[3]  can  only  be  realized  by  using  a  linear  collider.  The 
questions  one  may  ask,  however,  are  that  disregarding  the 
problem  of  cost  whether  there  exists  an  intrinsic  upper 
limit  for  the  beam  energy  of  an  e+e~  circular  collider,  and 
if  it  exists,  which  value  it  takes.  In  this  paper  we  try  to 
answer  these  questions. 


2  THEORY 


Let’s  consider  a  storage  ring  of  single  beam  (without  inter¬ 
action  points  and  the  beam-beam  effects  of  course).  Ap¬ 
parently,  in  this  case  we  could  not  see  any  physical  reason 
which  limits  the  possible  beam  energy.  As  far  as  an  e+e- 
storage  ring  collider  is  concerned  the  situation  is  quite  dif¬ 
ferent,  and  obviously,  the  difference  is  due  to  the  additional 
interaction  points  and  the  beam-beam  effects.  To  answer 
our  questions  it  is  worthwhile  to  start  with  the  discussion 
on  the  beam-beam  effects  and  the  maximum  beam-beam 
tune  shift.  The  luminosity  of  a  circular  collider  can  be  ex¬ 
pressed  as 


Ibeam't^.y  f  ^  ,  gj/ 
2  erep*  V  a* 


(1) 


where  re  is  the  electron  radius,  (3*  is  the  beta  function  value 
at  the  interaction  point,  7  is  the  normalized  particle  energy, 
<7*  and  <r*  are  the  bunch  transverse  dimensions  after  the 
pinch  effect,  respectively,  heam  is  the  circulating  current 
of  one  beam,  and 


4  = 


Nere(3y 

27T7<7*(<r£  +  a*) 
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where  a*  +  and  a*  +  are  the  bunch  transverse  dimensions 
just  before  the  interaction  point.  In  fact,  these  kicks  are 
random  and  they  will  move  the  zero-current  equilibrium 
transverse  beam  sizes  to  the  new  values  which  depend  on 
the  bunch  current  [5].  Assuming  that  there  are  Nip  interac¬ 
tion  points  in  the  machine,  and  taking  into  account  of  these 
additional  independent  random  kicks,  one  gets  the  new 
equilibrium  horizontal  and  vertical  emittances  expressed  as 
[5]: 


€-x  —  €xQ 


(*- 


{e2NeK,iP,BB,x)2NIPTx 

4T0£02 


-1 


(5) 


and 


.  (.  {f?N.KIP,BB,yfNtpTy\-x 

ty  =  e*0  i,1 - 42 - -  )  (6) 


where  To  is  the  revolution  period,  Eq  is  the  beam  energy, 
tx,  Ty  are  the  horizontal  and  vertical  damping  time,  respec¬ 
tively,  exo.  £yo  are  the  horizontal  and  vertical  natural  emit- 
tance,  respectively,  and 


K-ip,bb,x  : 


P*x 


27re0<7*)+O*+  +  +) 


(7) 


y,+> 


where  eo  is  the  permittivity  of  vacuum.  For  an  isomagnetic 
ring,  one  gets 
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where  R  is  the  local  bending  radius.  For  a  flat  bunch 
(a*  +  «  cr*  +,  in  the  following  we  restrict  ourselves  to 
this  case),  from  eq.  10  one  knows  that 


fZRNIP(eNe/3;)2\1/2 

l  87r2eomoc275  ) 


(ID 


Defining 

H 

where  H  is  a  measure  of  the  pinch  effect,  and  keeping  in 
mind  the  physics  of  beam-beam  effect  at  the  interaction 
point,  one  can  write 


ax,+ay,+ 


(12) 


H  = 


7 


(13) 


where  Ho  is  a  constant  and  its  value  will  be  determined 
later.  H  is  an  important  quantity  and  we  will  go  back  to 
it  later.  Combining  eqs.  2,  11  and  13  one  gets  finally  [5] 
(isomagnetic  case) 

€y  —  £y,max  =  (14) 


Figure  1:  Schematical  showing  the  difference  between 
H  >  1  and  H  <  1,  where  there  is  only  one  ineraction 
point  in  the  ring  for  simplicity,  and  L  is  the  perimeter  of 
the  ring. 


or,  for  general  cases 


since  the  interaction  point  explodes  the  beam  as  shown  in 
Fig.  1 .  As  bold  as  one  can  be  we  predict  that 


£,y  5:  £.y,max 


27T7  y  Ty 


(15) 


7 max  —  Ho  \/  Nip  (16) 


We  have  therefore  found  the  analytical  expression  for 
€y,max  and  explained  the  well-known  phenomenon  in  cir¬ 
cular  colliders  that  £y  <  €y,max-  The  experimentally 
reached  maximum  Hq  is  found  to  be  about  |  x  106.  The 
validity  of  eqs.  14  and  15  has  been  demonstrated  in  ref. 
5.  On  the  road  to  arrive  at  eqs.  14  and  15  one  has  de¬ 
fined,  expressed  and  used  the  pinch  effect  factor,  H  (see 
eq.  13).  Now  we  go  back  to  it  and  bear  in  mind  that  this 
quantity  is  one  of  the  base  stones  of  the  analytical  expres¬ 
sions  for  the  maximum  beam-beam  tune  shift  which  agree 
well  with  the  experimental  results.  The  reason  why  we  call 
H  a  measure  of  the  pinch  effect  lies  in  the  fact  that  one 
has  always  (for  the  existing  operational  e+e_  circular  col¬ 
liders)  H  >  1.  The  beam-beam  effects  not  only  increase 
the  beam  transverse  emittances,  as  shown  in  eqs.  9  and  10, 
hence  the  transverse  beam  sizes,  but  also  contribute  to  the 
maintenance  of  the  beam  transverse  stabilities.  One  can 
imagine  that  one  interaction  point  acts  as  a  locally  fastened 
belt  on  the  beam  ’’waist”.  At  this  point  it  is  natural  for  one 
to  raise  his  hand  and  ask  the  following  question:  what  hap¬ 
pens  if  H  <  1  ?  It  is  clear  that  by  definition  when  H  —  1 
the  pinch  effect  disappears,  and  the  colliding  beams  in  the 
collider  act  as  a  single  beam  in  a  storage  ring  (but  with 
larger  transverse  equilibrium  emittances  due  to  the  random 
beam-beam  excitations).  As  for  the  case  when  H  <  1  the 
physical  intuition  suggests  us  that  this  situation  be  unstable 


which  corresponds  to  H  —  1,  as  the  intrinsic  upper  limit  to 
the  beam  energy  of  an  e+e_  circular  collider.  For  Nip  =  1 
one  gets  from  eq.  16  that  7 max  =  H0  =  |  x  106  or  Eo  = 
85.17GeV.  Apparently,  LEP  has  not  met  the  limit  due  to 
its  multi-interaction  points  (.Eo,max(GeV)=  85.17 VNip). 
It  is  interesting  to  predict  that  LEP  II  [6]  (90GeV+90GeV) 
can  not  be  realized  if  there  is  only  one  interaction  point. 
In  this  planet  LEP  is  the  largest  e+e-  circular  collider  and 
the  only  machine  having  the  potential  to  test  this  theoretical 
prediction  by  reducing  the  number  of  its  interaction  points 
to  one. 

From  the  point  of  view  of  the  author  the  choice  of  an 
e+e_  linear  collider  as  the  replacement  to  the  circular  one 
at  energies  beyond  LEP  II  has  its  physical  reason  behind. 


3  CONCLUSION 

In  this  paper  we  predict  an  intrinsic  upper  limit  to  the 
beam  energy  in  an  e+e”  circular  collider  due  to  beam- 
beam  instabilities.  The  maximum  energy  is  expressed  as 
E0,max  =  85.17  y/Njp(GeN).  It  is  obvious  that  LEP  is  the 
only  machine  on  this  planet  to  have  the  potential  to  test  this 
theoretical  prediction  by  reducing  the  number  of  its  inter¬ 
action  points  to  one. 


3018 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 

4  REFERENCES 

[1]  C.  Bemardini,  ’’Bruno  Touschek  and  AdA”,  in  ’’ADONE  a 
milestone  in  the  particle  way”,  edited  by  V.  Valente,  Frascati 
Physics  Series  Vol.  VIII  (1997),  p.  1. 

[2]  B.H.  Wiik,  ”e+e-  at  the  TeV  Scale”,  ibid.,  p.  171 . 

[3]  L.  Foil,  ’’Physics  at  LEP”,  ibid.,  p.  151 . 

[4]  E.  Keil,  ’’Beam-beam  dynamics”,  CERN  95-06,  p.  539. 

[5]  J.  Gao,  ’’Analytical  expression  for  the  maximum  beam- 
beam  tune  shift  in  electron  storage  rings”,  Nucl.  Instr.  and 
Methods  A413  (1998),  p.  431. 

[6]  S.  Myers,  ”LEP  status  and  plans”,  Proceedings  of  PAC95, 

Washington,  USA  (1995),  p.  476. 


3019 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


ICOOL:  A  SIMULATION  CODE  FOR  IONIZATION  COOLING 

OF  MUON  BEAMS 

R.C.  Femow* 

Bldg.  901  A,  Brookhaven  National  Laboratory,  Upton,  NY  11973 


Abstract 

Current  ideas  [1,2]  for  designing  a  high  luminosity  muon 
collider  require  significant  cooling  of  the  phase  space  of 
the  muon  beams.  The  only  known  method  that  can  cool 
the  beams  in  a  time  comparable  to  the  muon  lifetime  is 
ionization  cooling  [3,4],  This  method  requires  directing 
the  particles  in  the  beam  at  a  large  angle  through  a  low  Z 
absorber  material  in  a  strong  focusing  magnetic  channel 
and  then  restoring  the  longitudinal  momentum  with  an  rf 
cavity.  We  have  developed  a  new  3-D  tracking  code 
ICOOL  for  examining  possible  configurations  for  muon 
cooling.  A  cooling  system  is  described  in  terms  of  a  series 
of  longitudinal  regions  with  associated  material  and  field 
properties.  The  tracking  takes  place  in  a  coordinate  system 
that  follows  a  reference  orbit  through  the  system.  The 
code  takes  into  account  decays  and  interactions  of  -50- 
500  MeV/c  muons  in  matter.  Material  geometry  regions 
include  cylinders  and  wedges.  A  number  of  analytic 
models  are  provided  for  describing  the  field 
configurations.  Simple  diagnostics  are  built  into  the  code, 
including  calculation  of  emittances  and  correlations, 
longitudinal  traces,  histograms  and  scatter  plots.  A 
number  of  auxiliary  files  can  be  generated  for  post¬ 
processing  analysis  by  the  user. 

1.  PROGRAM  OVERVIEW 

A  major  part  of  the  cooling  simulation  effort  for  the  Muon 
Collider  Collaboration  has  been  directed  toward  the 
development  of  two  programs.  The  first,  ICOOL, 
provides  the  flexibility  to  quickly  examine  widely 
different  ideas  for  implementing  ionization  cooling.  For 
example,  setting  up  desired  field  configurations  is 
accomplished  in  ICOOL  using  predefined,  analytic  field 
models.  This  simplifies  the  adjustment  of  parameters  for 
the  field  to  obtain  some  desired  result.  The  second 
program,  DPGeant  [5],  is  based  on  the  GEANT  code 
system  [6],  It  is  possible  to  describe  very  complicated  3-D 
problem  geometries  using  DPGeant  and  to  calculate 
quantities  to  greater  accuracy  than  with  ICOOL.  DPGeant 
typically  gets  its  field  distributions  from  maps  generated 
by  other,  more  accurate  field  computation  codes.  In  our 
experience  the  two  codes  have  been  quite  complementary. 
One  code  is  frequently  used  to  check  results  from  the 
other. 


ICOOL  uses  a  command  input  file  consisting  of  five 
parts:  simulation  control  variables,  beam  definition, 
control  of  physics  interactions,  diagnostics,  and  region 
definition.  Current  ideas  for  ionization  cooling  make 
extensive  use  of  solenoidal  channels.  For  this  reason  we 
define  a  region  to  encompass  a  cylindrical  volume  which 
has  a  fixed  length  along  the  reference  orbit.  A  region  can 
be  subdivided  radially  in  up  to  5  subregions.  Each 
subregion  has  a  field  type,  material  type,  and  material 
geometry  associated  with  it.  Particles  are  allowed  to  pass 
back  and  forth  between  radial  subregions.  Wedge  shaped 
material  geometries  are  provided  for  reducing  the 
momentum  spread  in  dispersive  regions.  There  is  no 
practical  limit  on  the  number  of  regions  in  a  problem. 
After  validity  checking,  the  region  data  are  stored  in  a 
direct  access  disk  file. 

The  program  tracks  the  particles  to  the  end  of  a  given 
region  and  generates  any  desired  diagnostics.  It  then 
moves  on  to  track  the  surviving  particles  to  the  end  of  the 
next  region.  This  program  structure  was  adopted  to  make 
it  possible  to  eventually  add  space  charge  interactions.  At 
present  the  code  only  has  a  very  crude  space  charge  model 
applicable  in  pillbox  cavity  regions. 

The  region  description  language  has  two  looping 
structures  to  aid  in  describing  complicated,  repetitive 
systems.  A  group  of  regions,  such  as  rf  cavity  cells,  may 
be  repeated  as  often  as  desired  using  a  REPEAT  structure. 
Groups  of  REPEAT  structures  and  isolated  regions  may 
be  combined  into  a  CELL  structure,  which  may  also  be 
repeated  as  often  as  desired.  In  addition  a  CELL  has  its 
own  field  type  associated  with  it.  This  allows  applying  a 
background  solenoid  field,  for  example,  over  a  sequence 
of  regions,  each  of  which  has  its  own  local  field. 

In  addition  to  the  physical  regions  described  above,  the 
user  can  insert  “pseudoregions”  into  the  command  file  at 
various  locations  to  accomplish  tasks,  such  as  forcing 
diagnostic  output,  collimating  the  beam,  transforming  the 
beam  with  a  TRANSPORT  element,  redefining  the 
reference  particle,  etc. 

The  program  can  initialize  the  phases  of  long  strings  of 
rf  cavities  by  using  an  on-axis  reference  particle.  The 
most  commonly  used  algorithm  tracks  the  reference 
particle  through  absorbers  and  other  non-cavity  regions, 
taking  into  account  the  mean  energy  lost  there.  The  energy 
of  the  reference  particle  is  increased  in  rf  cavity  regions 
by  assuming  the  particle  gains  a  constant  energy  per  unit 
length.  It  is  then  possible  to  calculate  the  time  the 
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reference  particle  passes  the  center  of  each  cavity  and  to 
adjust  the  cavity  electric  fields  to  be  at  zero  crossing  at 
these  times.  After  the  relative  cavity  phases  have  been 
determined,  the  user  can  control  the  beam’s  interaction 
with  the  rf  fields  by  adjusting  the  mean  launch  time  of 
the  particles  in  the  beam  or  by  applying  additional  phase 
shifts  to  individual  cavities. 

For  maximum  compatibility  across  the  Muon  Collider 
collaboration  it  was  decided  to  write  the  code  in  Fortran 
77  and  to  restrict  graphics  inside  the  program  to  simple 
character  based  “printer  plots”.  The  current  version  of  the 
program  has  -11,000  lines  of  source  code.  The  program 
has  been  run  successfully  on  UNIX,  PC,  and  Macintosh 
platforms. 

A  simulation  of  transverse  cooling  using  the  alternating 
solenoid  configuration  [7,8]  takes  8.2  min  on  a  450  MHz 
Pentium  PC.  This  simulation  involved  tracking  1000 
muons  through  24  m.  There  were  578  regions  consisting 
of  liquid  hydrogen  absorbers  with  aluminum  windows  and 
pillbox  if  cavities  with  beryllium  windows,  all  immersed 
in  a  15  T  periodic  solenoidal  field  lattice. 

2.  PARTICLE  GENERATION 

The  user  can  choose  to  generate  gaussian  or  uniform 
initial  particle  distributions  inside  the  program.  Available 
particles  are  electrons,  muons,  pions,  kaons  and  protons  of 
either  sign. 

It !  is  possible  to  generate  a  number  of  important 
correlations  in  the  initial  beam  distribution.  (1)  The  beam 
can  be  given  an  initial  angular  momentum  that  is 
appropriate  for  starting  the  simulation  inside  a  solenoidal 
field.  (2)  The  beam  can  have  a  correlation  between  its 
forward  velocity  and  its  transverse  position  and/or 
divergence.  This  is  necessary  to  counteract  the  bunch 
lengthening  from  path  length  differences  encountered  in  a 
long  solenoid.  (3)  The  longitudinal  phase  space  can  be 
prepared  in  an  if  bucket  that  matches  the  requirements  of 
a  subsequent  rf  cavity.  (4)  The  transverse  phase  space 
can  be  initialized  with  an  arbitrary  set  of  Twiss  parameters 
{oc,  p,  e}  for  matching  into  the  subsequent  lattice. 

The  initial  beam  specification  is  quite  flexible,  allowing 
a  mixture  of  particle  types,  each  with  its  own  phase  space 
distributions  and  correlations.  The  input  beam  information 
may  also  be  read  in  from  an  existing  set  of  particle  data  on 
an  external  file.  There  is  no  practical  limit  on  the  number 
of  particles.  Currently  the  first  50,000  are  stored  in 
memory  and  particles  in  excess  of  this  are  stored  on  a 
direct  access  disk  file.  The  program  can  save  the  particle 
state  after  any  region  in  the  same  format  required  for 
input,  so  problems  can  be  run  in  stages 

3.  ELECTROMAGNETIC  FIELDS 

Typically  the  user  chooses  one  of  the  predefined  field 
types  in  Table  1  as  the  region  field.  There  are  usually 
several  models  for  each  type  of  field  configuration 
representing  different  approximations  or  symmetry 


assumptions.  Usually  one  of  these  models,  e.g.  a  constant 
Bz  solenoid  region,  is  simple  enough  so  that  the  particle’s 
interaction  with  the  field  may  be  readily  understood.  Other 
more  complicated  models  that  satisfies  Maxwell’s 
equations  can  be  used  for  more  accurate  modeling,  e.g.  the 
solenoidal  field  from  a  cylindrical  current  sheet. 

Table  1  Electromagnetic  field  models 

TyPe _ 

rf  accelerator  _ 

Bent  solenoid _ _ 

Current  loop _ 

Deflection  cavity _ 

Sector  dipole _ _ 

Alternating  solenoid  lattice 

Quadrupole _ 

Current  carrying  rod _ 

Sextupole _ 

Annular  current  sheet 

Solenoid _ 

Tapered  current  rod _ 

Tapered  solenoid _ 

If  the  superposition  of  a  region  and  a  cell  field  is  not 
sufficient,  a  background  field  can  be  defined  on  a  3-D 
grid.  This  field  can  be  built  up  from  any  combination  of 
the  fields  in  Table  1. 

Sometimes  the  fringe  field  of  a  region  has  not  fallen  to  0 
at  the  defined  end  of  the  region.  For  this  reason,  an  option 
exists  to  include  in  the  field  of  a  given  region 
contributions  from  the  fields  in  neighboring  regions. 

Simulations  of  longitudinal  emittance  cooling  have  used 
bent  solenoids  to  generate  the  required  dispersion  together 
with  wedge  shaped  absorbers  for  removing  the  momentum 
spread.  ICOOL  uses  an  analytic  model  [9]  of  the  bent 
solenoid  fields.  Linear  and  polynomial  shaped  wedge 
regions  are  provided  in  the  program. 

The  following  function  is  widely  used  in  the  code  to 
give  a  continuous  expression  for  a  magnetic  field  or  vector 
potential  component  on  the  axis. 

where  E  is  the  distance  of  the  leading  edge  of  the  field 
pattern  from  the  start  of  the  region,  C  is  the  width  of  the 
central  “high  field”  part  of  the  distribution,  and  A,  gives  the 
rate  of  fall  off  at  the  ends.  Other  field  components  on  and 
off  the  axis  are  calculated  from  Maxwell’s  equations.  One 
nice  feature  of  the  function  f(s)  is  that  the  derivatives  can 
also  be  calculated  analytically  to  any  order.  Derivatives  up 
to  seventh  order  are  used  in  the  code. 
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4.  INTERACTIONS  AND  DECAYS 

Muon  and  pion  decays  can  be  simulated.  An  option  exists 
to  continue  tracking  the  charged  daughter  product  from  a 
decay.  Energy  loss,  straggling  and  scattering  in  matter  are 
simulated  as  continuous  processes.  The  code  currently 
uses  a  set  of  12  internally  defined  elements  and 
compounds  that  are  of  greatest  interest  for  ionization 
cooling.  The  mean  value  of  the  energy  loss  is  computed 
using  the  Bethe-Bloch  formalism  including  the  density 
effect.  Fluctuations  in  the  energy  loss  may  be  sampled 
from  Gaussian,  Landau  or  Vavilov  distributions  [6]. 
Sampling  from  the  Vavilov  distribution  is  switched  to  a 
Gaussian  or  Landau  distribution  if  the  local  values  of  the 
stepsize  and  velocity  require  it.  Multiple  Coulomb 
scattering  may  be  sampled  from  Rossi-Greisen,  Highland 
or  Lynch-Dahl  Gaussians,  Rutherford  single  scattering  or 
the  Moliere  distribution  [6,10].  Some  additional  user 
control  is  provided  for  the  parameters  used  in  the  Moliere 
theory,  since  the  amount  of  scattering  is  very  important  in 
ionization  cooling  and  there  is  some  uncertainty  in  the 
application  of  Moliere  theory  to  low  Z  materials. 
Sampling  from  the  Moliere  distribution  is  switched  to 
plural  Rutherford  scattering  if  the  stepsize  is  so  small  that 
the  effective  number  of  scatters  is  less  than  20.  Delta  ray 
events  with  correlated  angle-energy  loss  variables  may 
also  be  simulated.  Nuclear  interactions,  pair  production 
and  bremsstrahlung  are  not  simulated. 

5.  TRACKING 

Since  the  system  is  defined  in  terms  of  regions  along  the 
reference  trajectory  (s),  the  independent  variable  in  the 
equations  of  motion  is  ds.  The  dependent  variables  are  the 
transverse  positions,  momentum,  and  the  polarization.  The 
position  and  momentum  equations  are  defined  up  to  third 
order  in  the  deviations  from  the  reference  orbit  [11],  The 
radius  of  curvature  is  always  assumed  to  lie  in  the  x-s 
plane.  When  vertical  bending  is  desired,  the  user  must  first 
specify  a  coordinate  rotation  by  90°  around  s.  Particle 
stepping  can  be  done  using  fixed  steps  or  by  using  an 
adaptive  stepsize  algorithm.  The  adaptive  algorithm  takes 
into  account  constraints  due  to  the  validity  of  the  multiple 
scattering  and  straggling  models  and  due  to  the  local 
gradient  of  the  field.  Particle  stepping  is  done  using 
fourth-order  Runge-Kutta  integration  [12], 

6.  DIAGNOSTICS 

ICOOL  has  a  number  of  built-in  diagnostics,  which  can  be 
used  to  check  if  the  simulation  is  working  properly. 
Kinematic  variables  and  field  values  can  be  plotted  for 
individual  particles  as  a  function  of  distance  (Z-history). 
The  mean,  standard  deviation,  minimum  and  maximum 
values  for  the  ensemble  of  particles  can  be  plotted  for  any 
variable  at  the  end  of  each  region  (R-history).  In  addition 
the  program  has  a  number  of  statistical  analyses.  Any 


defined  variable  can  be  histogramed  at  the  end  of  any 
region.  Scatter  plots  may  be  made  of  any  variable  at  one 
region  with  any  variable  at  the  same  or  any  other  region. 
Moments  are  computed  for  each  of  the  histogram  and 
scatter  plot  variables.  Emittances,  polarization  values 
and/or  covariance  matrices  may  be  computed  after  any 
region. 

Besides  the  built-in  diagnostics,  the  program  can  write 
out  files  of  particle  and  field  information.  These  files  can 
be  generated  (1)  after  specified  regions,  (2)  automatically 
at  the  end  of  every  region,  or  (3)  repeatedly  after  a 
specified  number  of  steps  inside  a  region.  This 
information  can  be  used  for  more  sophisticated  analysis  or 
plotting  in  a  separate  post-processing  program.  Other 
diagnostic  files  can  be  written  giving  the  magnetic  field 
grids  or  the  rf  phases  generated  by  the  program. 
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A  Solenoidal  Capture  System  For  Neutrino  Production* 


M.  Diwan,  S.  Kahn,  R.  B.  Palmer,  BNL,  Upton,  NY 
Abstract  2  SIMULATION 


This  paper  describes  the  use  of  a  high  field  solenoidal 
magnet  to  capture  secondary  pions  from  the  production 
target.  The  captured  pions  subsequentially  decay  to  pro¬ 
duce  the  neutrino  beam.  A  pion  capture  system  using  a 
high  field  solenoid  magnet  has  been  proposed  for  the  muon 
colliderf  1].  This  technology  would  also  be  available  for 
neutrino  beam  production.  It  will  be  shown  that  a  high  field 
solenoid  would  produce  a  larger  flux  of  neutrinos  with  en¬ 
ergy,  E„  <  1.3  GeV,  than  a  neutrino  beam  produced  with  a 
horn  system.  The  ue,  ve  flux  contamination  in  the  solenoid 
neutrino  beam  is  only  0.15%. 

1  INTRODUCTION 

The  recent  paper  from  the  Super  Kamiokande 
Collaboration^]  [3]  indicating  evidence  for  oscilla¬ 
tions  of  atmospheric  neutrinos  has  created  interest  in 
verifying  the  results  with  an  accelerator  based  neutrino 
experiment.  The  probability  of  oscillation  of  one  species 
of  neutrino  into  another  is  proportional  to  sm2[1,27^m  L], 
For  oscillations  in  the  small  Am2  region  it  is  advantageous 
to  have  either  or  both  a  long  distance  or  small  E„.  A  high 
field  solenoid  can  capture  all  pions  produced  from  proton 
interactions  on  a  target  up  to  a  transverse  momentum,  Pt, 
determined  by  the  field,  Bs,  and  the  solenoidal  radius, 
Rg.  The  pion  capture  solenoid  (currently)  proposed  for 
the  muon  collider  has  =  tesla  and  f&j  =cm 
These  parameters  would  limit  the  capture  to  pions  with 
Pt  <  0.225  GeV/c  which  would  keep  only  33%  of  the 
pions.  Since  muons  from  low  Pt  pions  can  be  more 
efficiently  cooled,  these  parameters  are  reasonable  for  a 
muon  collider.  For  neutrino  production  a  larger  solenoid 
aperture  is  preferred. 

The  solenoid  field  is  20  tesla  in  the  vicinity  of  the  tar¬ 
get.  The  gradient  of  field,  as  it  falls  off  moving  away  from 
the  target,  provides  focussing  by  increasing  the  longitu¬ 
dinal  momentum  while  decreasing  the  transverse  momen¬ 
tum.  The  form  of  the  field  along  the  longitudinal  axis  is 


Bs(z) 


Bp 

1.  +  az 


(1) 


where  B0  is  the  nominal  field  at  the  target  and  a  is  a  param¬ 
eter  that  determines  \/B  and  consequently  the  focussing. 
A  solenoid  tends  to  focus  low  momentum  pions  better  than 
high  momentum  pions.  The  v  flux  from  solenoidally  cap¬ 
tured  pions  will  dominate  the  v  flux  from  a  horn  beam  at 
low  neutrino  energy.  There  is  an  additional  contribution  of 
v  from  a  solenoid  since  the  solenoid  does  not  sign  select  as 
a  horn  does. 

*  Work  performed  under  Contract  No.  DE-AC02-76CH00016  with  the 
U.S.  Department  of  Energy. 


A  simulation  study  of  solenoid  focussed  pion  beam  for 
v  production  was  made  using  GEANT[4].  The  GEANT 
model  used  in  the  (now  defunct)  BNL  long  baseline 
experiment[5]  was  used  as  a  basis.  The  two  horn  system  in 
the  GEANT  model  was  replaced  by  the  high  field  solenoid. 
The  solenoid  is  20  meters  long  with  the  radius  varying  as 

R(z)  =  R0\J  1  +  az  (2) 

where  R0  is  the  radius  of  the  solenoid  in  the  vicinity  of  the 
target.  =  cm  is  chosen  so  that  all  7rs  with  Pt  < 
0.45  GeV/c  are  kept.  This  aperture  will  capture  75%  of 
the  7rs  produced,  a  is  chosen  to  give  the  proper  focussing. 
Choosing  a  —  0.05  cm-1  will  give  a  radius  of  160  cm  at 
the  far  end  of  the  solenoid. 


Figure  1 :  Transverse  momentum  distribution  of  secondary 
pions  from  the  target  using  the  FLUKA  option  in  GEANT. 
Pt  is  in  GeV/c. 

The  solenoid  for  computational  purposes  is  described  by 
a  sequence  of  100  current  rings  with  radius  given  by  Eq  2 
and  spacing  between  the  rings  as  approximately  inversely 
proportional  to  the  field  strength.  The  current  in  the  rings  is 
varied  so  as  to  obtain  the  desired  field  on  the  axis.  The  mag¬ 
netic  field  is  obtained  by  summing  the  contribution  from 
each  ring  where  the  field  from  each  ring  is  calculated  from 
an  analytic  expression[6].  This  procedure  for  field  compu¬ 
tation  is  accurate  and  manifestly  satisfies  Maxwell’s  equa¬ 
tion.  It  does  not  suffer  from  the  descretation  errors  that 
would  be  present  in  using  a  field  map  for  a  20  meter  long 
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expanding  radius  solenoid.  It  is  however  a  very  time  con¬ 
suming  calculation. 

In  this  study  we  use  a  28.3  GeV  proton  beam  with  a  cir¬ 
cular  transverse  profile  with  ar  =  0.8  mm  and  oy<  =  0. 
The  beam  is  incident  on  a  copper  target  with  1  cm  radius 
and  22.5  cm  length  (1.5  interaction  lengths).  Tablel  indi¬ 
cates  the  number  of  produced  secondaries  of  each  species 
per  incident  proton  on  target.  The  rates  quoted  are  the 
same  whether  the  secondaries  are  captured  by  a  solenoid 
or  a  horn  system.  Tablel  shows  the  secondary  meson  pro¬ 
duction  rates  for  both  the  FLUKA[7]  and  GHEISHA[8] 
hadronic  shower  packages  in  GEANT.  The  rates  using  the 
FLUKA  and  GHEISHA  are  not  consistent  with  each  other. 
The  FLUKA  secondary  its  show  less  of  a  correlation  be¬ 
tween  Px  and  P|| .  The  FLUKA  results  are  used  for  the 
analysis. 

Table  1 :  Rates  for  secondary  meson  production  at  the  tar¬ 
get.  Rates  are  for  mesons  produced  per  incident  proton  on 
target. 


Particle 

Fluka 

Gheisha 

2.83 

3.73 

7T“ 

2.49 

3.39 

K+ 

0.13 

0.09 

K~ 

0.06 

0.03 

kl 

0.10 

0.07 

Ks 

0.10 

0.06 

After  the  secondary  mesons  are  produced  they  are  trans¬ 
ported  through  the  field  which  captures  and  focuses  them. 
The  produced  7rs  can  either  decay  in  the  field  or  in  the  de¬ 
cay  tunnel  following  the  solenoid  or  interact  it  the  walls  of 
the  solenoid  or  tunnel.  Fig  2  shows  the  momentum  spec¬ 
trum  of  the  decaying  and  interacting  7rs.  The  decay  length 
for  lower  momentum  7rs  is  shorter,  we  expect  the  decaying 
7rs  to  have  lower  momentum.  Fig  2  also  shows  the  decay 
(interaction)  position  of  the  7rs.  This  figure  shows  that  the 
7rs  that  interact  will  preferentially  do  that  in  the  solenoid 
(axial  position  less  than  20  meters)  by  hitting  the  wall  of 
the  solenoid.  For  computational  efficiency,  each  decaying 
meson  is  allowed  to  decay  10  times  producing  neutrinos  in 
different  parts  of  phase  space.  The  neutrinos  produced  are 
appropriately  weighted  to  preserve  the  normalization. 

3  SPECTRUM 

Fig  3  shows  the  neutrino  spectrum  at  1  kilometer  from  the 
target  along  the  incident  beam  direction.  The  spectrum  is 
given  in  units  of  us /{GeV  ■  m 2  •  POT),  where  POT  refers 
to  protons  on  target.  Fig  3  shows  three  spectral  curves. 
The  dashed  curve  corresponds  to  the  solenoidal  focussed 
beam  described  above.  It  shows  the  u  flux  is  largest  be¬ 
low  1.2  GeV  falling  off  sharply  above  that.  The  dotted 
curve  shows  the  u  spectrum  of  the  two  horn  focus  beam 
that  was  designed  to  be  used  for  the  BNL  Long  Baseline 
experiment.  This  beam  peaks  with  Ev  m  1.5  GeV  and 


Figure  2:  Momentum  and  decay  (interaction)  point  of  de¬ 
caying  (interacting)  pions. 


extending  to  about  4  GeV.  The  solid  curve  represents  the 
spectrum  of  the  so-called  perfect  focussed  neutrino  beam. 
For  the  perfect  focussed  beam  it  is  assumed  that  each  sec¬ 
ondary  meson  exiting  the  target  has  its  direction  parallel  to 
the  incident  proton  beam.  The  perfect  beam  would  have 
the  largest  u  spectrum  imaginable,  but  it  is  not  physically 
achievable.  The  u M  flux  from  the  solenoidal  focussed  beam 


Nus/GeV/m2/P0T 

nuzmu  z=  1000.00m  r-  0.00m  Enu(GeV) 

Fi gure  i:  Neutrino  flux  spectrum  at  1  kilometer  from  the 
target  along  the  beamline.  The  three  curves  indicate  the 
solenoidal  focussed  beam  (dashed),  two  horn  beam  (dotted) 
and  perfect  focussed  beam  (solid). 

dominates  the  flux  from  the  two  horn  beam  below  1 .3  GeV. 
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Table  2  compares  the  integrated  i/M  flux  per  proton  on  tar¬ 
get  at  a  detector  situated  1  kilometer  from  the  target,  v^s 
with  E„  <  0.45  GeV  are  not  interesting  since  the  cross 
section  to  produce  a  charge  current  event  is  very  small  and 
consequentially  the  normalization  for  neutrino  oscillations 
would  be  difficult.  Table  2  separates  the  integrated  flux  into 
energy  ranges  0.45  <EV<  1.28  GeV  where  the  solenoidal 
focussed  beam  is  larger  than  the  horn  beam  and  the  region 
Ev  >  1.28  GeV  where  the  horn  beam  beam  is  effective.  In 
the  region  0.45  <  E„  <  1.28  GeV ,  the  solenoidal  u  beam 
will  produce  67%  more  i/M  than  the  two  horn  system. 


Table  2:  Integrated  i/M  flux  at  a  detector  1  kilometer  from 
the  target.  The  units  are  number  of  10-3  us  per  m2  per 
proton  on  target. 


Range,  GeV 

Solenoid 

2  Horn 

Perfect 

All 

0.453 

0.597 

1.454 

0.45  <EV  <  1.28 

0.250 

0.150 

0.409 

Ev  >  1.28 

0.146 

0.433 

0.954 

A  solenoid  will  focus  both  7r+  and  7r_  whereas  a  horn 
focussed  beam  will  select  the  sign  of  the  tts.  A  neutrino 
experiment  could  use  both  the  v^  and  u^  events.  Fig  4.a 
shows 

1  x  [u  spectrum]  4-  -  x  [v  spectrum ]  (3) 

The  |  corrects  for  the  fact  that  the  v  cross  section  is  (ap¬ 
proximately  in  this  energy  range)  one  third  of  the  v  cross 
section.  Table  3  shows  the  integrated  flux  for  the  total  neu¬ 
trino  flux. 


Table  3:  Integrated  u^  +  flux  at  a  detector  1  kilometer 
from  the  target.  The  units  are  number  of  10~3  vs  per  m2 
per  proton  on  target. 


Range,  GeV 

Solenoid 

2  Horn 

Perfect 

All 

0.571 

0.605 

1.824 

0.45  <E„<  1.28 

0.317 

0.152 

0.523 

Ev  >  1.28 

0.179 

0.439 

1.184 

This  effective  total  flux  for  the  solenoidal  focussed  beam 
is  twice  that  of  the  two  horn  focussed  beam  in  the  energy 
range  from  0.45  to  1.28  GeV.  The  ve  and  ve  contamina¬ 
tion  for  the  solenoidal  focussed  beam  is  expected  to  be 
small  since  K  production  is  small  at  low  Ev.  The  ratio 
of  ve,  ve  flux  to  Up,  uM  flux  is  0.15%  for  the  solenoid  beam 
and  0.78%  for  the  two  horn  beam.  Fig  4.b  shows  the  ve 
spectrum  of  the  solenoid  and  horn  beams. 

4  CONCLUSIONS 

A  solenoidal  focussed  neutrino  beam  would  produce  a 
larger  v  flux  in  the  interesting  energy  range  where  one 
would  like  to  look  for  u^  -4  ve  oscillations.  In  the  energy 
range  0.45  <EV  <  1.28  the  solenoid  would  produce  60% 
of  the  neutrino  flux  of  the  perfect  beam.  The  solenoidal  fo¬ 
cussed  beam  would  produce  almost  twice  the  number  of 


Figure  4:  Part  a:  Sum  of  the  effective  spectra  from  v  and  v 
at  1  kilometer  from  the  target  along  the  beamline.  The  fig¬ 
ure  sums  the  neutrino  spectrum  with  weight  1  and  the  an¬ 
tineutrino  spectrum  with  weight  |.  The  three  curves  indi¬ 
cate  the  solenoidal  focussed  beam  (dashed),  two  horn  beam 
(dotted)  and  perfect  focussed  beam  (solid).  Part  b:  ve  flux 
for  the  solenoidal  focussed  beam  and  horn  focussed  beam 

v  +  v  events  as  a  horn  focussed  beam.  The  solenoidal 
focussed  beam  would  have  a  much  smaller  ve  contamina¬ 
tion  than  the  horn  focussed  beam.  However,  a  20  meter 
solenoidal  capture  and  focussing  magnet  with  a  20  tesla 
peak  field  would  not  be  as  cost  effective  as  a  standard  two 
horn  focus  system.  If  however  such  a  magnet  were  to  be 
built  for  another  application,  such  as  a  muon  collider,  it 
could  also  be  used  to  produce  high  intensity  low  energy 
neutrino  beam  that  would  be  ideal  for  u^  -4  ve  oscilla¬ 
tions. 
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Abstract 


The  MUCOOL  facility  is  proposed  to  examine  cooling 
techniques  that  could  be  used  in  a  muon  collider.  The 
solenoidal  beam  channel  before  and  after  the  cooling  test 
section  are  instrumented  to  measure  the  beam  emittance. 
This  instrumentation  channel  includes  a  bent  solenoid  to 
provide  dispersion  and  time  projection  chambers  to  mea¬ 
sure  the  beam  variables  before  and  after  the  bend.  The 
momentum  of  the  muons  is  obtained  from  a  measurement 
of  the  drift  of  the  muon  trajectory  in  the  bent  solenoid. 
The  timing  measurement  is  made  by  determining  the  phase 
from  the  momentum  of  the  muon  before  and  after  it  tra¬ 
verses  RF  cavities  or  by  the  use  of  a  fast  Cherenkov  cham¬ 
ber.  A  computer  simulation  of  the  muon  solenoidal  channel 
is  performed  using  GEANT.  This  study  evaluates  the  reso¬ 
lution  of  the  beam  emittance  measurement  for  MUCOOL. 

1  INTRODUCTION 

The  MUCOOL  facility  has  been  proposed  as  an  experi¬ 
mental  program  for  testing  techniques  that  can  be  used  for 
muon  cooling  in  a  muon  collider!  1].  The  facility  would 
include  a  target  area  in  the  FNAL  meson  area,  followed 
by  a  quadrupole  focussed  decay  channel,  a  bending  mag¬ 
net  for  muon  momentum  selection,  an  instrumented  muon 
solenoid  channel  before  and  after  the  experimental  region 
to  measure  the  beam  emittance[2].  This  paper  will  discuss 
the  measurement  of  the  emittance  in  the  instrumentation 
channels.  Fig.  1  illustrates  the  instrumentation  channel.  It 
is  a  bent  solenoidal  channel.  The  solenoidal  bend  causes  a 
drift  vertical  to  the  plane  that  is  proportional  to  the  particle 
momentum.  This  drift  will  be  used  to  measure  the  muon 
momentum.  Time  projection  chambers  (TPC)  are  posi¬ 
tioned  before  and  after  the  solenoidal  bend.  These  TPCs 
are  filled  with  a  low  pressure  methane  gas  that  has  a  long 
mean  free  path.  The  TPCs  can  measure  the  transverse  beam 
variables  :  x,  y,  x'  and  y' .  By  comparing  TPC  beam  mea¬ 
surements  before  and  after  the  bend  one  can  measure  the 
beam  momentum.  Fig.  1  shows  two  bent  solenoid  regions 
with  RF  cavities  in  between.  This  arrangement  is  chosen 
to  be  able  to  measure  the  muon  momentum  before  and  af¬ 
ter  the  RF  cavities.  The  comparison  of  the  momenta  can 
be  used  to  extract  the  time  information  from  the  RF  phase. 
Using  RF  for  the  time  information  is  one  of  two  approaches 
under  consideration.  The  other  is  to  use  a  fast  Cherenkov 
device  for  the  time  information.  The  scope  of  this  paper  is 
to  examine  how  well  one  can  measure  the  beam  momen¬ 
tum  using  the  bent  solenoid.  Table  1  lists  the  important 
parameters  describing  the  instrumentation  channel. 

*  Work  supported  under  Contract  No.  DE-AC02-76CH00016  with  the 
U.S.  Department  of  Energy. 


The  experiment  has  set  as  a  goal  the  ability  to  measure 
the  emittance  with  a  relative  error  of  3%  [3].  To  achieve  this 
goal  the  desired  relative  uncertainty  in  the  measurement  of 
each  of  the  six  phase  space  variables  should  be  »  1%.  Ta¬ 
ble  2  shows  the  required  detector  resolution  to  achieve  1  % 
accuracy  in  the  measurement  of  the  phase  space  parameter. 


Figure  1 :  Schematic  of  the  measurement  channel 


Table  1 :  Parameters  used  for  the  MUCOOL  Instrumenta¬ 
tion  Channel. 


Parameter 

Value 

RF  frequency 

805  MHz 

Momentum 

171  MeV/c 

B solenoid 

3  tesla 

B  guiding 

0.56  tesla 

@bend 

1  radian 

Rbend 

100  cm 

H aperture 

15  cm 

P* 

36.7  cm 

TPC  length 

45  cm 

(Jx  —  (Jy 

12  mm 

<TX'  ~  Gy* 

60  mrad 

Total  length 

9.2  m 

2  SIMULATION 

The  MUCOOL  instrumentation  channel  was  modelled  in 
GEANT[4],  The  channel  is  designed  to  transport  muons 
with  a  mean  momentum  of  171  MeV/c.  The  solenoidal 
magnet  field  of  the  instrumentation  channel  is  described 
with  current  rings.  The  field  for  a  single  ring  can  be  ex¬ 
pressed  by  an  analytic  expression  [5],  The  field  at  any  point 
in  the  solenoidal  channel  is  obtained  by  summing  the  con- 
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Table  2:  Required  detector  resolution  to  achieve  1  %  accu¬ 
racy  of  the  phase  space  parameter. 


Parameter 

Resolution 

SOX  —  bOy 

ScrXr  -  <5CTy/ 

5P 

p 

Soz 

Scrt 

200  pm 

5  mrad 
0.14% 

2  mm 

8  ps 

tributions  of  the  single  rings.  This  procedure  accurately  de¬ 
scribes  the  field  in  the  transition  region  between  the  straight 
and  curved  solenoids.  A  dipole  magnet  field  is  superim¬ 
posed  on  the  bent  region  of  the  solenoid.  This  dipole  field  is 
set  to  cancel  the  drift  of  a  muon  with  the  mean  momentum. 
Fig  2  shows  the  local  magnetic  field  components  along  the 
center  of  the  channel.  The  axial  field  is  3  tesla  at  the  center 
and  varies  radially  from  the  center  of  curvature  in  the  bent 
region.  The  vertical  field  in  the  bent  region  has  a  central 
value  of  0.56  tesla  and  has  a  hyperbolic  tangent  form  as  an 
approximation  for  the  ends.  The  dipole  field  falls  off  with 
an  attenuation  length  equal  to  the  solenoid  aperture  radius. 
The  shape  of  the  local  Bx  (in-plane  transverse  field)  com¬ 
ponent  depends  on  how  abrupt  the  transition  is  between  the 
straight  and  curved  regions  of  the  channel. 


Figure  2:  Components  of  the  field  as  seen  in  the  local  co¬ 
ordinate  system  along  the  center  of  the  solenoid  channel. 
The  field  is  in  kilogauss. 

The  GEANT  simulation  will  produce  hit  digitization  in 
the  TPCs.  These  hits  include  uncertainties  for  the  mea¬ 
surement  and  for  drift  in  the  TPC  low  pressure  methane 
gas.  The  measurement  uncertainties  for  the  hit  position  are 
200  pm  in  transverse  directions  and  2  mm  in  the  axial  di¬ 


rection.  The  uncertainties  from  diffusion  in  the  TPC  gas  is 
0.0025  yfz  cm  in  the  transverse  direction  and  0.135  Jz  cm 
in  the  longitudinal  direction.  The  longitudinal  drift  error 
can  be  1  cm  for  a  point  that  is  on  the  opposite  side  of  the 
chamber  from  the  readout. 

3  ANALYSIS 

Events  are  generated  in  GEANT  corresponding  to  a  nor¬ 
malized  transverse  emittance  of  1300  n  mm  mrad  in  each 
direction.  184  MeV/c  muons  initially  have  a  spread  of 
—  3%  and  loose  energy  traversing  the  auxiliary  timing 
scintillator.  The  TPCs  before  and  after  the  bent  solenoid 
will  typically  produce  about  12  hits  on  a  track.  The  TPC 
hits  are  fitted  to  a  helix  in  a  reconstruction  program[6]. 
The  beam  variables  can  be  determined  from  the  fitted  he¬ 
lix  parameters  and  compared  to  the  beam  variables  known 
in  GEANT.  Fig  3  shows  the  deviation  of  the  reconstructed 
beam  variables  x,x',y,y'  from  the  known  variables.  Ta¬ 
ble  3  gives  the  RMS  errors  for  the  beam  variables  deter¬ 
mined  from  Fig  3. 


Beom  Vorioble  Resolution 


-0.04  -0.02  0  0.02  0.04 


x  prime  deviation,  mrad 
xpr  fitted -theo 


y  deviotion,  cm 
y  fitted-theo 


y  prime  deviation,  mrod 
ypr  fitted-theo 


Figure  3:  Deviation  of  reconstructed  beam  variables, 
x,  x',  y,  y',  from  known  values  in  GEANT.  x  and  y  are  in 
cm  and  x'  and  y'  are  in  radians. 

The  muon  will  traverse  the  solenoidal  channel  with  a  he¬ 
lical  path.  One  wishes  to  measure  the  drift  of  the  centroid 
of  the  helix,  not  the  position  of  the  muon  at  some  specific 
phase.  The  center  of  the  helix  is  known  from  the  path  re¬ 
construction.  The  errors  in  the  measurement  of  the  helix 
center  (xctr,  yctr )  at  the  TPC  is  given  in  Table  3.  The  error 
in  determining  the  helix  center  will  contribute  to  the  ulti¬ 
mate  error  in  the  determination  of  the  momentum. 

Fig  4.a  shows  a  scatter  plot  of  Py  known  from  GEANT 
verses  the  vertical  drift  traversing  the  bent  solenoid.  There 
is  a  strong  correlation  between  P ^  and  Ay  as  expected. 
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Table  3:  Resolution  of  the  beam  variables  achieved  in  the 
simulation. 


Parameter 

Resolution 

Sx  =  Sy 

Sx'  =  Sy' 

&Xctr  =  & Vctr 

S-P  from  AY 
^  from  Pitch 

127  /im 
l.Omrad 
150  fim 
1.3% 

1.8% 

Fig  4.b  shows  the  deviation  in  momentum  of  the  points 
from  the  best  fit  straight  line  through  the  data.  This  figure 
establishes  the  error  in  momentum  from  the  vertical  drift 
to  be  2.3  MeV/c  or  ^  =  1.3%.  Fig  4.c  shows  the  devia¬ 
tion  in  momentum  obtained  from  measuring  the  helix  pitch 
in  the  TPC  alone.  This  independent  measurement  sets  the 
momentum  error  at  3.0  MeV/c  or  ^  =  1.8%.  These  deter¬ 
minations  of  momentum  are  not  adequate  for  the  emittance 
measurement,  particularly  if  time  is  measured  from  the  RF 
phase  since  a  difference  in  momentum  before  and  after  the 
RF  cavities  would  be  necessary  for  that. 


Figure  4:  a:  Scatter  plot  of  vs  Ay;  b:  Deviation  of 
Pfi  from  best  line  fit  to  data,  c:  Deviation  of  momentum 
determined  from  pitch  measurement  in  the  TPCs. 


4  DISCUSSION 

The  A spread  in  determined  from  the  vertical  drift 
shown  in  Fig  4  is  likely  to  come  from  different  paths  that 
the  different  muons  take  through  different  parts  of  the  field. 
Fig  5  shows  a  histogram  of  the  path  lengths  that  the  indi¬ 
vidual  muons  traverse  from  the  center  of  TPC1  to  the  cen¬ 
ter  of  TPC2.  An  individual  muon  will  sample  a  different 


Bx  as  it  enters  the  bent  part  of  the  solenoid  than  when  it 
leaves  the  bent  solenoid.  The  non  cancelation  of  the  Bx 
component  can  affect  the  vertical  displacement  of  a  parti¬ 
cle.  Fig  5  shows  the  path  length  and  integrated  fields  seen 
by  each  muon  in  its  local  frame.  The  variation  in  /  Bx  ds 
could  account  for  the  A  PM. 

A  possible  procedure  to  improve  the  precision  of  the 
muon  momentum  measurement  is  the  following:  Using  the 
vertical  drift  as  a  first  estimate  of  the  muon  momentum, 
track  a  particle  from  TPC1  through  the  solenoid  channel 
magnetic  field  to  TPC2  using  several  values  of  the  momen¬ 
tum  in  the  vicinity  of  the  first  estimate.  A  \2  comparing 
x,  x',y,  y'  can  be  assigned  to  each  momentum  guess.  One 
can  use  an  iterative  process  find  the  best  momentum.  An 
evaluation  of  this  procedure  has  not  been  completed  at  this 
moment. 


Integrated  Path  Lengths 


Integrated  9y  dl,  kg-cm  Integrated  Bz  dl,  kg— cm 

Int  By  Int  Bz 


Figure  5:  a:  Total  path  length  from  TPC1  to  TPC2;  b: 

f  Bx  dx  c:  f  By  dy,  d\  f  By  dz 
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Abstract 

The  requirement  for  high  luminosity  in  a  collider 

leads  one  to  conclude  that  a  prodigious  source  of  pions 
is  needed  followed  by  an  efficient  capture/decay  channel. 
Significant  targetry  issues  are  raised  by  these  demands. 
Among  these  are  i)  the  best  target  configuration  to  toler¬ 
ate  a  high-rep  rate,  high-power  proton  beam  (~  1014  ppp 
at  15  Hz),  ii)  the  pion  spectra  of  the  produced  pions  and  iii) 
the  best  configuration  for  maximizing  the  quantity  of  cap¬ 
tured  pions.  In  this  paper,  the  current  thinking  of  the 
collider  collaboration  for  solutions  to  these  issues  is  dis¬ 
cussed.  In  addition,  we  give  a  description  of  the  R&D  pro¬ 
gram  designed  to  provide  a  proof-of-  principle  for  a  muon 
capture  system  capable  of  meeting  the  demands  of  a  future 
high-luminosity  machine. 

1  INTRODUCTION 

Since  leptons  are  point-like  particles,  in  contrast  to  hadrons 
which  are  a  composite  of  quarks  and  gluons,  leptons  fully 
participate  in  high-energy  interactions.  For  hadrons,  such 
as  protons  or  mesons,  kinetic  energy  is  shared  with  their 
constituents  thus  diluting  the  energy  reach  of  the  collision. 
This  lepton  energy  advantage  is  on  the  order  of  a  factor  of 
10,  i.e.  a  lepton-lepton  collision  of  1  TeV  has  the  same 
physics  reach  as  a  ~  10  TeV  proton-proton  collision.  The 
muon  shares  this  lepton  energy  advantage  with  the  electron. 

The  muon,  on  the  other  hand,  has  a  mass  of  105.6  MeV 
and  is  therefore  a  factor  of  207  times  more  massive  than 
the  electron.  This  provides  one  with  the  important  capa¬ 
bility  of  reducing  synchrotron  radiation  by  this  mass  ra¬ 
tio  to  the  4th  power.  Consequently,  with  muons,  one  can 
contemplate  the  possibility  of  circular  high-energy  lepton 
machines.  This  capability  means  that  high-energies  can 
be  achieved  with  the  possibility  of  recirculating  the  par¬ 
ticle  beams  thus  providing  more  efficient  use  of  accelerat¬ 
ing  systems  while  allowing  for  a  smaller  footprint  for  the 
entire  machine  complex.  Once  the  goal  energy  has  been 
reached,  we  can  now  consider  circulating  colliders  which 
have  a  luminosity  which  is  proportional  to  the  number  of 
circulating  turns  within  the  collider  rings.  Finally,  because 
of  the  suppressed  synchrotron  radiation,  the  energy  spread 
of  the  colliding  beams  can  be  much  reduced  over  that  of 
electron  colliders.  Some  machine  scenarios  contemplate 
energy  spreads  as  low  as  0.003%.  This  can  be  an  important 
advantage  when  studying  narrow  resonances. 

Muons,  however,  do  possess  a  significant  attribute  which 
mitigates  their  usefulness,  namely  they  decay  with  a  life- 

*  Work  supported  in  part  by  DOE  Contract  no.  DE-AC02-98CH 10886. 
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time  of  ~  2  fj, sec  when  at  rest.  To  overcome  this  problem, 
the  muon  collider  collaboration  adopts  the  strategy  of  pro¬ 
ducing  prodigious  amounts  of  muons  via  a  chain  of;  1 )  pion 
production  from  a  robust  proton  beam  impinging  on  a  high- 
Z  target,  2)  conducting  these  pions  down  a  solenoid  based 
decay  channel  allowing  the  muons  to  appear  as  pion  decay 
products  and  3)  conducting  the  resulting  muons  through 
an  ionization  cooling  channel[l]  in  order  to  reduced  their 
phase  space  to  dimensions  suitable  for  subsequent  accel¬ 
eration  and  to  achieve  a  high  luminosity  at  the  subsequent 
collider  (as  an  example,  7  1034  cm~2s-1  for  a  1.5  TeV 
center-of-mass  (CoM)  machine[2]). 

2  PION  PRODUCTION 

In  order  to  achieve  the  design  luminosity,  2  1012  muons  per 
pulse  (for  the  1.5  TeV  CoM  machine)  must  be  introduced 
into  the  recirculating  collider  (for  each  sign).  We  assume 
1/4  survival  rate  due  to  aperture  and  decay  losses  in  the 
ionization  cooling  and  acceleration  stages  and  a  50  %  effi¬ 
ciency  for  the  decay/phase  rotation  channel.  This  leads  to 
the  requirement  that  we  produce  ~  2  1013  pions  within  the 
collection  energy  band  (KE=  50-650  MeV)  at  the  target. 


Figure  1:  Meson  production  using  the  MARS  code.  Note 
that  the  most  prolific  portion  of  the  pion  energy  spectrum 
lies  below  600  MeV 

Extensive  modeling  using  three  different  Monte  Carlo 
computer  codes  have  been  performed[3][4][5]  resulting  in 
the  conclusion  that  we  require  a  4  MW  proton  beam  (15 
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Hz  operation)  impinging  on  a  high-Z  material  target.  In  or¬ 
der  to  benchmark  these  codes  in  the  important  low-energy 
portion  of  the  pion  production  spectrum,  the  muon  collab¬ 
oration  has  participated  in  an  AGS  experiment,  E-910[6], 
where  good  efficiencies  for  detecting  forward  low-energy 
pions  within  a  time  projection  chamber  is  realized.  Data 
from  this  experiment  is  currently  being  analyzed. 

3  TARGETS 

Maintaining  target  integrity  with  beam  powers  at  the  level 
of  4  MW  is  difficult.  Since  about  10%  of  the  proton  beam 
energy  is  ultimately  deposited  into  the  target,  this  leads  us 
to  infer  that  the  target  must  absorb  400  kW  of  sustained 
power  and  also  withstand  an  instantaneous  energy  deposi¬ 
tion  of  30  kJ. 

Water  cooling  via  a  thermal  bath  is  not  considered  viable 
as  it  would  lead  to  unacceptable  losses  due  to  the  absorp¬ 
tion  of  the  produced  pions.  Radiative  cooling  is  inadequate 
for  these  power  levels  in  a  compact  target.  We  therefore 
consider  moving  targets  as  the  best  solution  and  choose  as 
our  baseline  approach  moving  free-liquid  targets  where  dis¬ 
ruption  due  to  shock  damage  from  the  single  pulse  energy 
deposition  can  be  more  easily  contained. 

Liquid  targets  have  the  additional  advantage  of  being 
relatively  easy  to  move  and  cool.  Contained  liquids  are 
not  preferred  as  they  will  expose  the  containment  vessel 
to  possible  high-shock  thresholds.  Jets  of  liquid  mercury 
have  already  been  demonstrated[7]  but  without  exposure  to 
a  high-power  beam. 

4  TARGETRY  SYSTEM 
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Figure  2:  Schematic  view  of  the  muon  collider  targetry  sys¬ 
tem.  The  proton  beam  is  incident  on  a  skewed  target  inside 
a  solenoidal  magnetic  field  which  tapers  from  20  T  at  the 
target  to  1 .25  T  at  the  beginning  of  the  rf  linac. 


shielding  between  this  coil  and  the  beam  pipe.  The  outer 
coil  is  a  superconducting  magnet  extending  to  an  outer  di¬ 
ameter  of  80  cm.  It  will  generate  an  additional  14-T  field 
at  the  target. 

The  product  of  solenoid  field  (B)  and  the  beam  pipe  ra¬ 
dius  (R)  determines  the  maximum  transverse  momentum 
which  the  produced  pions  can  possess  and  still  be  captured. 
On  the  other  hand,  the  transverse  emittance  of  the  resulting 
captured  beam  is  proportional  to  BR2,  hence  we  benefit  by 
selecting  a  high-magnetic  field  coupled  with  a  small  bore 
radius.  Our  baseline  parameters  call  for  a  solenoidal  field 
of  20  T  and  a  bore  radius  of  7.5  cm  thus  yielding  a  max¬ 
imum  transverse-momentum  of  pt  =  225  MeV/c  for  those 
pions  which  are  conducted  into  the  decay  channel. 

In  order  to  realize  maximum  pion  production  efficien¬ 
cies,  we  favor  using  high-density  target  material  embedded 
within  the  high-field  capture  solenoid.  Optimum  target  ge¬ 
ometry  calls  for  a  small  target  diameter  in  order  to  reduce 
the  effect  of  pion  reabsorption  after  production.  We  find 
that  it  is  advantageous  to  tilt  the  target  slightly  (100-150 
mrad)  to  avoid  having  the  pions  spiral  back  onto  the  target 
and  be  lost  through  absorption. 

The  rf  linac  depicted  in  Figure  2  represents  the  beginning 
of  the  phase  rotation  channel.  The  phase  rotation  system  is 
designed  to  contain  and  shape  the  longitudinal  emittance 
parameters  of  the  captured  muon  beam.  The  initial  fre¬ 
quency  is  determined  mainly  by  the  longitudinal  spread  of 
the  proton  driver  bunch  (r  ~  1  to  2  ns)  and  the  drift  space 
from  the  target  to  the  initial  cavity.  Based  on  a  capture  ki¬ 
netic  energy  band  of  50  to  650  MeV  and  a  drift  distance  of 
3  m,  the  initial  frequency  needs  to  be  on  the  order  of  100 
MHz.  Modeling  of  this  system[8]  has  yielded  typical  phase 
rotation  exit  parameters  of  dE/E  =15%  and  an  rms  cr  of 
1.5  m. 

The  20-T  capture  magnetic  field  is  tapered  adiabatically 
down  to  a  lower  field  in  the  phase  rotation  channel.  We 
keep  the  total  magnetic  flux  constant  but  reduce  the  axial 
magnetic  field  by  a  factor  of  16  to  a  more  manageable  1.25 
T  while  increasing  the  beam  bore  radius  by  a  factor  of  4  to 
30  cm. 

Although  we  are  exploring  methods  of  separating  the  pi¬ 
ons  by  charge  state,  our  current  baseline  calls  for  produc¬ 
ing  pions  of  each  sign  with  separate  proton  pulses.  The 
solenoid  channel  will  transport  each  sign  with  equal  facil¬ 
ity  and  the  phase  rotation  can  work  equally  well  with  each 
charge  state  provided  the  rf  frequencies  are  configured  to 
be  odd  multiples  of  a  fundamental  harmonic  and  the  pro¬ 
ton  drive  beam  is  delivered  with  a  phase  separation  of  n7r 
within  the  fundamental  harmonic. 

5  R&D PROGRAM 


We  show  in  Figure  2,  a  schematic  of  our  baseline  tar- 
getry/capture  system.  The  capture  solenoid  is  a  hybrid 
magnet  consisting  of  a  inner  6-T,  water-cooled  hollow- 
conductor  magnet  with  an  inner  diameter  of  24  cm  and 
an  outer  diameter  of  60  cm.  There  is  space  for  additional 


We  have  identified  several  critical  issues  which  need  to  be 
addressed  in  order  to  insure  the  success  of  our  program. 

•  Identification  of  the  appropriate  material  for  a  liquid 
jet  target. 


3030 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


•  Performance  of  a  liquid  jet  in  a  20-T  solenoidal  field. 

•  Performance  of  a  liquid  jet  in  a  4  MW  proton  beam. 

•  Operation  of  a  20-T  hybrid  solenoid  in  a  high-power 
proton  beam  environment. 

•  Operation  of  a  rf  cavity  in  a  high-radiation  environ¬ 
ment. 

Not  so  technically  demanding  but  important  to  the  even¬ 
tual  success  of  a  muon  collider  is  the  optimization  of  the 
target  parameters  in  order  to  maximize  the  pion  capture  ef¬ 
ficiency. 

We  have  embarked  on  an  R&D  program  to  address  these 
and  other  important  issues.  Included  in  this  program  are: 

•  Study  of  liquid/proton  beam  interactions. 

•  Build  prototype  liquid  jets. 

•  Study  the  effects  of  eddy  currents  on  the  liquid  jet 
propagation  through  a  20-T  field  at  the  National  High 
Magnetic  Field  Laboratory. 

•  Study  the  effects  of  a  high-power  proton  beam  on  the 
liquid  jets  at  Brookhaven’s  AGS. 

•  Conduct  an  experimental  test  of  the  proposed  targetry 
t  system  at  Brookhaven’s  AGS. 

•  Build  a  70  MHz  rf  cavity  and  operate  it  in  a  high- 
radiation  environment. 

The  cornerstone  of  this  R&D  effort  is  found  in  our  BNL 
proposal[9]  in  which  we  detail  our  plans  to  build  and  test 
the  key  components  of  our  targetry  scheme  in  a  high-power 
proton  beam  environment.  We  show  in  Figure  3  the  layout 
of  our  proposed  experiment. 
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Figure  3:  Schematic  view  of  the  proposed  targetry  experi¬ 
ment  at  the  Brookhaven  AGS. 

In  order  to  minimize  cost  while  retaining  the  essential 
functionality  of  a  20-T  solenoidal  field  at  the  target,  we 
have  chosen  to  build  a  pulsed  resistive  based  solenoid  in 
which  we  will  sacrifice  repetition  rate  for  cost  savings.  Ad¬ 
ditional  cost  savings  may  be  realized  by  using  an  iron- 
dominated  resistive  solenoid  to  surround  the  rf  cavity. 

The  bent  solenoid  channel  at  the  end  of  the  experi¬ 
mental  setup  will  serve  as  a  spectrometer  to  measure  the 
pions/muons  spectra  and  evaluate  the  pion/muon  yield 
achieved  by  the  chosen  target  configuration. 
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Abstract 

The  muon  collider  requires  intense,  cooled  muon  bunches 
to  reach  the  required  luminosity.  Due  to  the  limited  life¬ 
time  of  the  muon,  the  cooling  process  must  take  place  very 
rapidly.  Ionization  cooling  seems  to  be  our  only  option, 
given  the  large  emittances  of  the  muon  beam  from  pion 
decay.  However,  this  ionization  cooling  method  has  been 
found  quite  difficult  to  implement  in  practice.  We  describe 
a  scheme  based  on  the  use  of  liquid  hydrogen  absorbers  fol¬ 
lowed  by  r.f.  cavities  (“pillbox”  or  “open  iris”  type),  em¬ 
bedded  in  a  transport  lattice  based  on  high  field  solenoids. 
These  solenoidal  fields  are  reversed  periodically  in  order  to 
suppress  the  growth  of  the  canonical  angular  momentum. 
This  channel  has  been  simulated  in  detail  with  independent 
codes,  featuring  conventional  tracking  in  e.m.  fields  and  de¬ 
tailed  simulation  of  multiple  scattering  and  straggling  in  the 
the  absorbers  and  windows.  These  calculations  show  that 
the  15  Tesla  lattice  cools  in  6-D  phase  space  by  a  factor  «  2 
over  a  distance  of  20  m. 

1  INTRODUCTION 

Ionization  cooling  of  intense  muon  beams  (ps  2. 1012  parti¬ 
cles  per  bunch)  has  been  recognized  as  one  of  the  most  chal¬ 
lenging  aspects  of  the  design  of  a  high  energy,  high  inten¬ 
sity  Muon  Collider[l].  The  principle  of  ionization  cooling 
via  deceleration  in  an  absorber  followed  by  re-acceleration 
in  a  LINAC,  proposed  more  than  20  years  ago[2],  is  rel¬ 
atively  straightforward[  1].  However,  due  to  the  relatively 
short  muon  lifetime,  such  cooling  channels  must  be  very  ef¬ 
ficient.  This  entails  reaching  low  values  for  the  /3j.  func¬ 
tion  rapidly,  and  therefore  high  focusing  magnetic  fields. 
The  performance  of  such  lattices  needs  to  be  verified  with 
accurate  simulations,  with  complete  field  maps  and  de¬ 
tailed  simulation  of  the  straggling  and  multiple  scattering 
in  the  absorbers  and  foils.  Three  distinct  computer  codes 
were  used  to  study  the  performance  of  this  channel:  (i)  a 
special  version  of  PARMELA[3]  in  which  multiple  scat¬ 
tering  was  simulated  using  the  Gaussian  approximation; 
(ii)  ICOOL[4];  (iii)  an  extended  version  of  the  GEANT3 
package[5],  DPGeant,  featuring  higher  numerical  accuracy 
in  tracking  particles  over  large  distances  and  full  e.m.  field 
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simulation  in  the  r.f.  cavities.  Although  results  presented  in 
this  paper  have  been  obtained  with  DPGeant,  these  various 
simulation  agree  within  the  expected  code  accuracy. 

2  DESCRIPTION  OF  THE  15  TESLA 
ALTERNATING  SOLENOID  COOLING 
CHANNEL 

We  here  consider  one  component  of  a  single  cooling  stage, 
consisting  of  the  transverse  cooling  channel.  This  muon 
cooler,  sketched  in  figure  1  is  based  on  the  use  of  the  lowest 
Z  material,  liquid  hydrogen  (LH2),  embedded  in  a  strong 
(15  T)  solenoidal  magnetic  field.  Linacs  are  inserted  be¬ 
tween  these  absorbers,  to  compensate  for  the  energy  loss. 
This  channel  has  been  designed  for  a  nominal  momentum 
of  187  MeV/c  ifi  —  0.87 )  and  accepts  a  transverse  normal¬ 
ized  emittance  of «  1600.  mm  mRad,  a  momentum  spread 
of  «  3%  and  a  bunch  length  of  «  1.5  cm.  The  linac  r.f. 
frequency  is  805  MHz. 

To  provide  the  longitudinal  focusing  required  to  keep 
this  single  bunch  together  these  linacs  must  be  separated  by 
short  distances  ( less  than  50  to  75  cm).  Thus  one  section 
(defined  as  one  deceleration  in  the  absorber  followed  by 
one  LINAC)  is  approximately  2  m  long,  where  the  muons 
will  lose  and  gain  «  20  MeV,  leaving  the  momentum 
unchanged  after  one  section.  Without  the  absorbers  and 
linacs,  the  beam  would  have  a  constant  (0)  value  for  the 
canonical  angular  momentum,  despite  the  large  fluctuation 
of  the  /3x  function.  However,  the  presence  of  the  absorbers 
causes  the  canonical  angular  momentum  to  grow  and  would 
lead  to  severe  transverse  emittance  growth  at  the  end  of  a 
channel  made  of  multiple  sections.  This  growth  is  stopped 
by  reversing  the  direction  of  the  solenoidal  field  each  time 
the  beam  goes  though  the  high  f3±  points  in  the  lattice, 
which  are  located  in  the  middle  of  the  linacs. 

The  transport  in  such  a  channel  is  far  from  isochronous: 
particles  at  large  transverse  amplitude  have  longer  path 
lengths,  causing  a  longitudinal  growth  as  they  reach  the 
linac  slightly  out  of  phase.  It  is  therefore  necessary  to  start 
with  a  bunch  where  particles  at  large  amplitude  have  higher 
momentum,  by  up  to  as  20  MeV/c  for  a  particle  at «  3  a. 

For  a  fixed  maximum  field  (15  T),  the  transverse  cooling 
rate  decreases  as  the  beam  goes  though  these  sections,  be¬ 
cause  this  rate  is  proportional  to  the  transverse  emittance. 
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Hie  longitudinal  emittance  grows  because  of  the  stochastic 
processes  in  the  absorbers  (energy  loss  and  multiple  scatter¬ 
ing).  In  addition,  there  are  higher  order  effects  in  the  beam 
optics  and  the  longitudinal/transverse  coupling  induce  lon¬ 
gitudinal  motions  that  are  are  difficult  to  compensate  for. 
Thus,  the  length  of  such  a  channel  has  to  be  limited  to  ap¬ 
proximately  20m,  after  which  one  must  go  though  an  emit¬ 
tance  exchange  section. 

The  performance  of  such  a  channel  has  been  studied  for 
two  different  lengths  of  a  section:  the  2  m  (1.5  m)  section 
has  a  64  cm  (42.  cm)  liquid  hydrogen  absorber  and  1.3  m 
(0.98  m)  r.f.  cavity,  respectively.  For  the  short  section  case, 
two  different  configurations  of  the  linac  have  been  simu¬ 
lated: 

1.  A  “pillbox”  type  cell,  ir/2,  with  a  peak  field  on  axis 
of  36  MV/m.  and  12  identical  cells.  Hie  beams  goes 
though  the  walls  of  each  cell,  traversing  13  125.  y.m 
beryllium  foil 

2.  A  more  conventional  open  cell  cavity  runs  in  t  mode, 
where  the  iris  aperture  matches  the  transverse  size  of 
the  beam  (radius  «  4.5  cm  at  the  entrance  and  exit 
points  of  the  cavity,  and  8  cm  at  f3±  max).  The  peak 
field  on  axis  is  60  MV/m,  implying  maximum  field  of 
«  90  MV/m  on  the  iris  wall. 

The  lengths  of  these  cavities  as  well  as  the  phase  for  the 
synchronous,  on  axis  particle  were  kept  identical.  This  syn¬ 
chronous  phase[6]  was  set  to  as  30  degrees,  so  only  approx¬ 
imately  one  half  of  the  voltage  is  used  for  acceleration,  the 
linac  acts  as  much  as  a  buncher  as  an  accelerator.  Finally, 
the  liquid  hydrogen  must  be  contained  in  a  vessel  thermally 
insulated  from  the  linac,  this  is  achieved  using  thin  («  1.5 
mil)  stainless  steel  window(s). 

3  PERFORMANCE  AND  ISSUES 

Hie  transverse  and  longitudinal  emittances  as  function  of 
the  distance  along  the  channel  are  shown  in  figure  2,  for  the 
1.5  m  long  section  and  for  the  open-iris  cavity.  Over  a  dis¬ 
tance  of  25.  meters,  the  channel  achieves  a  cooling  of  about 
a  factor  2.3  in  transverse  emittance  and  a  significant  longi¬ 
tudinal  reheating  of  about  2.1.  Therefore,  the  overall  6-D 
emittance  is  reduced  from  2.2  109  (ir  mmmRad)3  down  to 
0.86  (irmmmRad)3  .  Correspondignly,  the  r.m.s.  beam 
size  (radius)  in  the  channel  decreases  from  1.09  cm  down 
to  0.7  cm. 

Over  20  m,  the  non-decay  loss  is  found  to  be  less  than 
1  %.  For  longer  channels,  this  beam  loss  increases  rapidly 
as  the  bunch  length  grows;  at  the  end  of  the  channel,  the 
bucket  develops  an  “alpha”  shape,  signaling  the  need  to 
stop  cooling  transversely  and  recover  control  of  the  longitu¬ 
dinal  emittance.  Very  similar  results  were  obtained  with  the 
pillbox  cavity.  Provided  the  average  net  acceleration  across 
the  cavity  is  matched  to  the  energy  loss  in  the  absorber  and 
sufficient  voltage  is  applied  to  ensure  re-bunching,  the  net 
codling  merit  factor  of  such  a  channel  does  not  depend  on 
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Figure  1 :  The  Alternate  Solenoidal  muon  cooling  channel 
(top).  The  hashed  lines  are  actual  traces  of  muons  obtained 
via  the  DPGeant  package.  Also  shown  (bottom),  with  ap¬ 
proximately  the  same  horizontal  scale,  are  the  longitudinal 
component  of  the  magnetic  field  in  KG.,  and  the  momentum 
for  the  synchronous  particle  (MeV/c). 

the  details  of  the  acceleration  system.  However,  the  multi¬ 
ple  scattering  occurring  at  relatively  high  /?x  in  the  lattice 
must  remain  small,  i.e.,  thin  (<  125.  fim)  beryllium  win¬ 
dows  must  be  used.  The  tolerance  on  the  phase  (±3  degrees 
is  not  particularly  stringent.  The  difference  in  peak  field  is 
simply  due  to  the  different  transit  time  factors  for  the  two 
modes  (ir  vs  tt/2.). 

The  2  m  long  section  was  found  to  be  slightly  worse  than 
the  1.5  m  one.  The  ratio  of  6D  emittances  initial  over  fi¬ 
nal  is  about  10%  smaller  than  for  the  1.5  m  long  section. 
In  principle,  a  longer  cell  period  could  give  us  faster  trans¬ 
verse  cooling  time  because  less  longitudinal  space  is  wasted 
in  providing  access  cooling/shielding  equipment  between 
the  absorber  and  the  r.f.  Longer  section  section  also  min¬ 
imizes  multiple  scattering  in  the  windows  of  the  LH^  ves¬ 
sels.  However,  the  non-relativistic  bucket  would  drift  for  a 
longer  time  in  the  absorber,  resulting  in  a  faster  increase  of 
the  longitudinal  emittance. 
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At  injection,  and  during  the  cooling  process,  there  is 
a  strong  coupling  between  the  longitudinal  and  transverse 
motion  in  this  channel.  Particles  at  a  large  transverse  ampli¬ 
tude  tend  to  have  large  synchrotron  motions  because  path- 
lengths  depend  on  the  betatron  motion  or  the  transverse  am¬ 
plitude.  The  synchrotron  oscillation  tune  in  such  channel  is 
ill-defined:  as  the  stochastic  processes  (energy  loss  strag¬ 
gling  while  loosing  energy  in  the  absorber  and,  more  im¬ 
portantly,  scattering  in  the  absorber  or  the  foils)  move  the 
particles  suddenly  in  a  slightly  different  location  in  phase 
space.  As  a  result,  one  can  only  quote  a  broad  range  for  the 
synchrotron  wave  length,  of  about  5  to  15  m  This  is  also  the 
scale  at  which  the  correlation  between  the  transverse  am¬ 
plitude  and  the  momentum  fades  away,  concurrent  with  the 
longitudinal  emittance  growth.  The  loss  of  this  correlation 
itself  implies  a  emittance  growth,  which  has  not  been  taken 
into  account  quoting  the  emittance  at  injection. 

The  result  presented  in  figure  1  has  been  obtained  for 
50  pm  thick  stainless  steel  LH 2  windows.  This  is  a  rather 
conservative  design.  We  have  studied  the  cooling  perfor¬ 
mance  of  the  channel  varying  the  thickness  and  material 
for  these  window,  and  observed  a  degradation  of  5  to  10 
%  in  the  ratio  the  initial/final  6D  emittance  per  additional 
25  pm  of  stainless  steel.  Titanium  or  Aluminium  could  also 
be  used,  but  does  not  provide  significantly  better  perfor¬ 
mance,  because  such  window  must  be  slightly  thicker.  Note 
that  these  windows  can  be  made  hemispherical,  which  gives 
enhanced  mechanical  strength  without  compromising  the 
beam  dynamics. 

Another  uncertainty  in  this  calculation  is  due  to  the  im¬ 
perfect  simulation  of  multiple  scattering  in  Geant,  (or  sim¬ 
ilar  packages),  via  the  Moliere  formalism  [7].  The  Moliere 
theory  has  been  verified  in  numerous  situation.  However, 
for  light  materials,  the  uncertainty  in  the  effective  atomic 
screening  angle  could  lead  to  uncertainties  of  a  few  %.  But, 
more  relevant  to  our  application,  the  Moliere  formalism  no 
longer  holds  for  very  thin  absorbers  where  the  “effective 
number  of  collisions”  is  small  [8],  The  LH2  vessel  must 
be  divided  into  such  thin  layers  while  tracking,  because  of 
the  betatron  motion  of  the  particles.  The  average  scatter¬ 
ing  angle  in  small  steps  becomes  comparable  to  the  angle 
due  to  the  Larmor  precession  in  the  high  magnetic  field.  In 
LH2,  such  steps  are  of  the  order  of  a  few  microns,  with  an¬ 
gle  of  tens  of  prad.  A  detailed  simulation,  (few  pm  steps 
!)  indicates  that  the  Moliere  approximation  overestimates 
the  radial  displacement  of  the  muon  track  in  the  absorber, 
leading  to  an  over  estimate  of  the  beam  reheating  process. 
Based  on  a  preliminary  result,  the  ratio  on  the  initial  to  final 
2-D  emittance  could  be  30%  to  50%  larger  than  estimated 
via  the  Moliere  formalism. 

Finally,  if  this  channel  remains  a  single-pass  device  (i.e., 
not  embedded  in  a  cooling  ring),  one  could  consider  slightly 
increasing  (few  %  per  section)  the  magnetic  field  in  order  to 
keep  the  cooling  rate  optimal. 
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Figure  2:  Top:  the  2-dim.  transverse  emittance  (squares) 
and  the  longitudinal  emittance  (dots)  versus  the  distance 
along  the  channel,  showing  a  net  6-dim.  cooling.  Also 
shown  (bottom)  is  the  transmission,  (The  decay  loss  of 
about  2.  %  is  not  included). 
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MUON  COLLIDERS:  THE  ULTIMATE  NEUTRINO  BEAMLINES 

Bruce  J.  King,  Brookhaven  National  Laboratory  1 


Abstract 

It  is  shown  that  muon  decays  in  straight  sections  of  muon 
collider  rings  will  naturally  produce  highly  collimated 
neutrino  beams  that  can  be  several  orders  of  magnitude 
stronger  than  the  beams  at  existing  accelerators.  We  dis¬ 
cuss  possible  experimental  setups  and  give  a  very  brief 
overview  of  the  physics  potential  from  such  beamlines. 
Formulae  are  given  for  the  neutrino  event  rates  at  both  short 
and  long  baseline  neutrino  experiments  in  these  beams. 

1  INTRODUCTION 

Recent  feasibility  studies  and  design  work  for  muon  collid¬ 
ers  [1]  has  begun  to  focus  attention  on  the  exciting  physics 
possibilities  from  the  uniquely  intense  neutrino  beams  at 
proposed  muon  storage  rings  (muSR)  that  will  use  muon 
collider  technology  to  produce  and  store  large  muon  cur¬ 
rents.  Such  muSR  include  both  storage  rings  dedicated  to 
neutrino  physics  and  the  parasitic  use  of  the  accelerator  and 
collider  rings  of  muon  colliders  themselves. 

2  POTENTIAL  FOR  NEUTRINO 
PHYSICS 

The  neutrino  beamlines  can  be  used  for  two  sorts  of  neu¬ 
trino  experiments: 

1.  short  baseline  (SB)  experiments,  where  the  detector 
is  placed  close  to  the  neutrino  source  to  obtain  the 
most  intense  beam  possible  and  hence  gather  very 
high  event  statistics  of  neutrino  interactions. 

2.  long  baseline  (LB)  experiments,  where  a  very  massive 
neutrino  detector  is  placed  far  away  from  the  neutrino 
source,  deliberately  sacrificing  event  rate  in  order  to 
study  baseline-dependent  properties  of  the  neutrinos 
and,  in  particular,  whether  there  are  “flavor  oscilla¬ 
tions”  in  the  types  of  neutrinos  composing  the  beam. 

The  large  muon  currents  and  tight  collimation  of  the  neu¬ 
trinos  results  in  extremely  intense  beams  -  intense  enough 
even  to  constitute  a  potential  off-site  radiation  hazard  [2]. 
This  gives  several  advantages  over  the  neutrino  beams  pro¬ 
duced  today  from  pion  decay  at  accelerator  beamlines: 

1.  event  statistics  for  short-baseline  (SB)  experiments 
that  might  be  three  or  more  orders-of-magnitude 
larger  than  in  today’s  high-rate  neutrino  experiments 

'web  page:  http://pubweb.bnl.gov/people/bking/,  email: 

bking@bnl.gov.  This  woik  was  performed  under  the  auspices  of  the  U.S. 
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2.  both  higher  statistics  and  longer  baselines  for  long 
baseline  (LB)  experiments 

3.  extremely  well  understood  and  pure  two-component 
beams  with  accurately  predictable  energy  spectra,  an¬ 
gular  divergences  and  intensities 

4.  the  first  high  flux  electron-neutrino  and  electron- 
antineutrino  beams  at  high  energies 

5.  the  possibility  of  tuning  the  flavor  composition  of 
the  beam  by  varying  the  polarization  direction  of  the 
muons. 

Recent  evidence  of  neutrino  oscillations  from  several 
different  experiments  has  resulted  in  much  recent  interest 
in  LB  neutrino  oscillation  experiments.  LB  experiments  at 
muSR  have  the  potential  [3,4,5]  to  either  convincingly  re¬ 
fute  or  precisely  characterize  much  of  today’s  evidence  for 
neutrino  oscillations. 

SB  experiment  have  a  different  physics  motivation,  in¬ 
volving  several  precision  measurements  that  can  contribute 
mainly  to  our  understanding  of  the  interactions  between  el¬ 
ementary  particles.  In  this  respect,  they  have  the  poten¬ 
tial  [3,4,5]  to  make  important  measurements  have  compa¬ 
rable  value  to  (and  are  complementary  to)  some  of  the  best 
precision  measurements  at  today’s  colliders:  LEP,  SLC, 
CLEO,  Tevatron,  HERA  and  the  B  factories  that  are  now 
coming  on-line. 

The  huge  increase  in  beam  intensity  allows  the  use  of 
novel  high-performance  SB  neutrino  detectors  that  are  ca¬ 
pable  of  much  better  reconstructing  neutrino  events  than 
today’s  huge  high-rate  neutrino  detector  targets.  An  exam¬ 
ple  of  such  a  detector  [3]  is  shown  in  figure  1. 

3  NEUTRINO  PRODUCTION  AND 
EVENT  RATES 

Neutrinos  are  emitted  from  the  decay  of  muons  in  the  col¬ 
lider  ring: 

-»  ^+Fe  +  e-, 

/z+  -*  T7^+ve  +  e+.  (1) 

The  thin  pencil  beams  of  neutrinos  for  experiments  will 
be  produced  from  long  straight  sections  in  either  the  col¬ 
lider  ring  or  a  ring  dedicated  to  neutrino  physics.  From  rel¬ 
ativistic  kinematics,  the  forward  hemisphere  in  the  muon 
rest  frame  will  be  boosted,  in  the  lab  frame,  into  a  narrow 
cone  with  a  characteristic  opening  half-angle,  6V,  given  in 
obvious  notation  by 
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Figure  1 :  Example  of  a  general  purpose  SB  neutrino  de¬ 
tector.  A  human  figure  in  the  lower  left  corner  illustrates 
its  size.  The  neutrino  target  is  the  small  horizontal  cylinder 
at  mid-height  on  the  right  hand  side  of  the  detector.  Its  ra¬ 
dial  extent  corresponds  roughly  to  the  radial  spread  of  the 
neutrino  pencil  beam,  which  is  incident  from  the  right  hand 
side.  Further  details  are  given  in  reference  [3]. 

The  decays  of  muons  into  neutrinos  are  very  well  under¬ 
stood  and  it  is  possible  [6]  to  derive  simple,  approximate 
quantitative  expressions  for  the  neutrino  fluences  at  exper¬ 
iments  and  the  corresponding  experimental  event  rates  in  a 
given  target. 

The  neutrino  targets  at  SB  experiments  might  reason¬ 
ably  cover  the  boosted  forward  hemisphere  of  the  neutrino 
beam.  Besides  the  beam  properties,  the  event  rate  depends 
on  the  depth  of  the  neutrino  target,  l,  in  units  of  gm.cm-2 
and  on  the  number  of  years  of  data-taking,  Y.  Thus,  a  con¬ 
venient  benchmark  for  the  size  of  neutrino  event  samples 
the  beam  can  produce  is  Nsb,  defined  as 

no.  of  v  events  =  Nsb[events/yr/(gm.cm-2])x 

/[gm.cm-2]  x  Y,  (3) 

Ref  [6]  derives  the  following  numerical  expression  for 
Nsb  in  SB  detectors  satisfying  a  couple  of  reasonable  as¬ 
sumptions: 

Nsb[events/yr/(gm.cm-2])  ~  2  x  10-15  x 

E^GeV]  x  N^yr-1],  (4) 

where  the  parameter  N™  is  the  number  of  forward-going 
muons  decaying  in  the  production  straight  section  per  year. 

Similarly,  the  number  of  LB  events  depends  on  the  neu¬ 
trino  beam,  the  baseline  distance,  L,  from  neutrino  source 
to  detector  and  the  detector  mass  (L)  through: 

no.  of  v  events  = 

NIb[events/yr/(kg.km-2)]  x  ^1^)2  x  Y,  (5) 


with 

Nlb[events/yr/(kg.km-2)]  ~ 

1.6  x  10-20  x  N^lyr-1]  x  x(j E^GeV})3 

- pjji - '  (6) 

(The  parameter,  7 ■  59  has  value  1  except  for  neutrino  beams 
from  muon  beams  with  large  angular  divergences.) 

Reference  [6]  also  tabulates  the  expected  event  rates  for 
plausible  muon  collider  scenarios.  These  predictions  are 
reproduced  as  table  1.  Extraordinary  event  samples  of  1010 
interactions  appear  plausible  for  SB  experiments  at  muSR 
with  muon  energies  of  order  100  GeV  or  above. 

4  CONCLUSIONS 

In  conclusion,  the  essentially  free  neutrino  beamlines  at 
muon  colliders  and  the  beams  from  other  muSR  using 
muon  collider  technology  could  provide  happy  prospects 
for  the  future  of  neutrino  physics. 
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Table  1:  Predicted  neutrino  fluxes  and  event  rates  for  muSR’s  or  muon  colliders  at  several  energies. 


muon  energy, 

2  GeV 

20  GeV 

50  GeV 

175  GeV 

500  GeV 

5  TeV 

(fi~  or)  jr"t7year,N#i[10il)] 

3.0 

3.0 

6.0 

6.0 

3.2 

3.6 

fract.  str.  sect,  length,  fS8 

0.40 

0.30 

0.12 

0.12 

0.12 

0.03 

v  ang.  diverg.,  7  •  88 v 

1 

1 

1 

1 

10 

1 

time  to  beam  dump,  to[7TM] 

no  dump 

no  dump 

no  dump 

no  dump 

0.5 

no  dump 

Nab  [evt/yr/(g.  cm  ~  2 )  ] 

5.1  x  105 

3.8  x  106 

6.5  x  106 

2.7  x  107 

2.3  x  107 

1.0  x  108 

l  x  Y[gm/cm2]  for  1010  events 

2.0  x  104 

2600 

1500 

370 

430 

100 

jV,6[evt/yr/(kg.km-2] 

16 

1.2  x  104 

1.4  x  105 

6.2  x  106 

5.0  x  105 

2.2  x  1010 
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STUDIES  FOR  MUON  COLLIDER  PARAMETERS  AT  CENTER-OF-MASS 

ENERGIES  OF  10  TEV  AND  100  TEV 


Bruce  J.  King,  Brookhaven  National  Laboratory  1 


Abstract 

Parameter  lists  are  presented  for  speculative  muon  collid¬ 
ers  at  center-of-mass  energies  of  10  TeV  and  100  TeV.  The 
technological  advances  required  to  achieve  the  given  pa¬ 
rameters  are  itemized  and  discussed,  and  a  discussion  is 
given  of  the  design  goals  and  constraints.  An  important 
constraint  for  multi-TeV  muon  colliders  is  the  need  to  min¬ 
imize  neutrino  radiation  from  the  collider  ring. 

1  INTRODUCTION 

The  main  motivation  for  research  and  development  efforts 
on  muon  collider  technology  is  the  assertion  that  affordably 
priced  muon  colliders  might  provide  lepton-lepton  colli¬ 
sions  at  much  higher  center  of  mass  (CoM)  energies  than  is 
feasible  for  electron  colliders,  and  perhaps  eventually  ex¬ 
plore  the  spectrum  of  elementary  particles  at  mass  scales 
inaccessible  even  to  hadron  colliders. 

This  paper  attempts  a  first  look  at  these  assertions 
through  discussion  and  evaluation  of  the  self-consistent 
muon  collider  parameter  sets  given  in  table  1 ,  at  CoM  ener¬ 
gies  of  10  TeV  and  100  TeV.  These  parameter  sets  have  the 
purpose  of  pin-pointing  the  challenges  of  very  high  energy 
muon  colliders  and  they  have  not  been  studied  or  discussed 
in  detail  within  the  Muon  Collider  Collaboration  (MCC)  or 
elsewhere. 

The  10  TeV  parameter  set  was  presented  previously  [1] 
and  the  parameter  values  appear  to  be  internally  consis¬ 
tent.  In  contrast,  the  100  TeV  parameter  set  represents  work 
in  progress  to  improve  in  luminosity  and  other  parameters 
over  the  self-consistent  100  TeV  parameter  set  given  in  ref¬ 
erence  [1]  and  it’s  parameters  are  not  yet  fully  consistent, 
as  discussed  below. 


muons  per  bunch  (No),  the  beam-beam  tune  disruption  pa¬ 
rameter  (A is),  the  beam  divergence  at  the  interaction  point 
(ao),  the  maximum  aperture  for  the  final  focus  quadruples 
(A±4<r),  and  maximum  allowable  neutrino  radiation  where 
the  plane  of  the  collider  ring  cuts  the  Earth’s  surface. 

As  a  preliminary  stage  of  calculation,  LUMCALC 
makes  any  parameter  adjustments  that  may  be  required  to 
satisfy  the  input  constraints.  These  are,  in  order:  1)  reduc¬ 
ing  a o  to  the  limit  imposed  by  (based  on  scaling  to 
existing  final  focus  designs  at  0.1  TeV  and  4  TeV[l]),  2) 
reducing  No  to  attain  an  acceptable  Av,  and  3)  reducing  fb 
until  the  neutrino  radiation  is  acceptable. 


3  DISCUSSION 


The  physics  motivation  for  each  of  the  parameter  sets  in  ta¬ 
ble  1  is  discussed  in  [2].  Briefly,  the  number  of  /x/x  — *  ee 
events  gives  a  benchmark  estimate  of  the  discovery  poten¬ 
tial  for  elementary  particles  at  the  full  CoM  energy  of  the 
collider,  while  the  production  of  hypothesized  100  GeV 
Higgs  particles  indicates  roughly  how  the  colliders  would 
perform  in  studying  physics  at  this  fixed  energy  scale. 

Both  parameter  sets  give  exciting  luminosities  with  good 
potential  to  explore  the  physics  processes  at  and  below  their 
respective  CoM  energy  scales. 

The  output  luminosity  may  be  derived  in  terms  of  the 
input  parameters  as: 


£[cm_2.s_1] 


2.11  x  1033  x  Hb  x  (1  -  e-2tD[7T'*]) 
i,fb[s-1](N0[1012])2(EcoM[TeV])3 
C[km] 


/<70[mr].<5[lO  3]\2/3 
V  £6n[10-12]  ) 


(1) 


2  GENERATION  OF  PARAMETER  SETS 

As  described  previously  [1],  the  parameter  sets  in  table 
1  were  generated  through  iterative  runs  of  a  stand-alone 
FORTRAN  program,  LUMCALC.  The  parameter  sets  are 
calculated  from  the  input  values  for  several  input  parame¬ 
ters  -  namely,  the  CoM  energy  (Ec0m).  the  collider  ring 
circumference  (C)  and  depth  below  the  Earth’s  surface  (D), 
the  beam  momentum  spread  (S)  and  6-dimensional  invari¬ 
ant  emittance  (c6n).  the  reference  pole-tip  magnetic  field 
for  the  final  focus  quadrupoles  (B4cr),  and  the  time  until  the 
beams  are  dumped  (to)  -  and  from  the  input  of  maximum 
allowable  values  for  several  other  parameters  -  namely, 
the  bunch  repetition  frequency  (fb),  the  initial  number  of 

*web  page:  http://pubweb.bnl.gov/people/bking/,  email: 

bking@bnl.gov.  This  work  was  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  under  contract  no.  DE-AC02-98CH10886. 


This  formula  uses  the  standard  MCC  assumption^  ]  that  the 
ratio  of  transverse  to  longitudinal  emittances  can  be  chosen 
in  the  muon  cooling  channel  to  maximize  the  luminosity 
for  a  given  £6n-  The  pinch  enhancement  factor,  Hb,  is  very 
close  to  unity  (see  table  1),  and  the  numerical  coefficient 
in  equation  1  includes  a  geometric  correction  factor  of  0.76 
for  the  non-zero  bunch  length,  er2  =  j8*  (the  “hourglass 
effect”) . 

In  practice,  the  muon  beam  power  and  current  are  lim¬ 
ited  so  the  optimization  of  parameters  actually  involves  the 
“specific  luminosity” 


Further,  the  parameter  sets  at  these  high  energies  are  al¬ 
ways  limited  by  A v  and  it  is  useful  and  easy  to  rewrite 
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equations  1  and  2  in  the  form  lider  energy  [4]  and  beyond  CoM  energies  of  a  few  TeV 


with  no  explicit  dependence  on  emittance  for  a  given  en¬ 
ergy.  This  is  misleading,  however,  since  smaller  emittances 
mean  smaller  magnet  apertures  and  hence  allow  the  design 
of  lattices  with  smaller  /?*’ s  and,  in  practice,  one  can  al¬ 
most  always  gain  in  specific  luminosity  by  reoptimizing 
parameter  sets  with  smaller  emittances. 

The  assumed  6-dimensional  emittances  are  factors  of 
3.5  (10  TeV)  and  50  (100  TeV)  smaller  than  the  value 
170  x  10-12  m3  that  is  normally  used  in  MCC  scenarios 
for  first  generation  muon  colliders,  in  anticipation  that  the 
muon  cooling  channel  may  eventually  be  improved  through 
further  design  optimization,  stronger  magnets,  higher  gra¬ 
dient  rf  cavities  and  other  technological  advancements  and 
innovations. 

The  final  focus  region  presumably  presents  the  most  dif¬ 
ficult  design  challenge  that  is  relatively  specific  to  high 
energy  muon  colliders.  (The  muon  cooling  channel  is, 
of  course,  a  formidable  challenge  for  all  muon  colliders.) 
Progressively  stronger  focusing  is  required  at  higher  en¬ 
ergies  to  generate  the  smaller  spot  sizes  necessary  to  in¬ 
crease  the  luminosity.  The  strength  of  the  focusing  can 
be  gauged  from  the  overall  beam  demagnification,  defined 
as  M  e  \fPma.x/P*-  This  is  a  dimensionless  parameter 
that  should  be  closely  correlated  with  fractional  tolerances 
in  magnet  uniformity,  residual  chromaticity  etc.  Hence, 
it  might  be  prudent  to  decrease  the  fractional  momentum 
spread  of  the  beams,  S,  to  compensate  for  an  increasing 
M.  In  the  absence  of  final  focus  designs  for  these  param¬ 
eter  sets  the  difficulty  of  the  chromatic  correction  for  the 
final  focus  has  simplistically  been  assessed  by  the  value 
of  a  single  parameter:  the  “chromaticity  quality  factor” 
q  =  MS  [3]. 

In  the  absence  of  “proof  by  example”  lattice  designs, 
the  next  generation  of  proposed  linear  e+e-  colliders  (LC’s) 
may  well  provide  the  best  benchmarks  for  heuristically  as¬ 
sessing  the  difficulty  of  the  final  focus  parameters.  For  the 
10  TeV  parameter  set,  each  of  /?*,  M  and  q  are  roughly 
comparable  to  those  proposed  for  these  LC’s.  The  100  TeV 
parameter  set  necessarily  has  a  much  larger  0*  and  M  but 
the  value  of  5  was  forced  down  to  <5  =  8  x  10-5  to  nearly 
hold  steady  the  value  of  q.  Unfortunately,  this  is  clearly  in¬ 
consistent  with  the  rising  energy  loss  due  to  beamstrahlung 
at  the  ip.  Following  the  lead  of  the  LC’s,  the  next  iteration 
of  the  100  TeV  parameter  set  will  use  colliding  flat  beams 
to  make  the  parameter  sets  fully  consistent.  The  spot  size 
-  clearly  indicative  of  vibration  and  alignment  tolerances  - 
also  falls  with  energy,  but  even  at  100  TeV  it  remains  an 
order  of  magnitude  above  the  spot  size  in  the  y  coordinate 
for  future  LC  design  parameters. 

Neutrino  radiation  is  an  extremely  serious  problem  for 
many-TeV  muon  colliders  and  further  information  and  dis¬ 
cussion  on  this  can  be  found  in  these  proceedings  [4].  The 
radiation  levels  are  predicted  to  rise  rapidly  with  the  col¬ 


it  may  well  be  necessary  to  build  the  colliders  at  isolated 
sites  where  the  public  would  not  be  exposed  to  the  neutrino 
radiation  disk. 

4  CONCLUSIONS 

Muon  colliders  from  10  to  100  TeV  CoM  energies  may  of¬ 
fer  an  exciting  long-term  future  to  experimental  HEP  and 
are  not  obviously  infeasible  to  this  author.  However,  they 
clearly  introduce  some  daunting  new  challenges  beyond 
those  common  to  all  muon  colliders  and  the  parameter  sets 
in  table  1  will  require  some  technological  extrapolations. 
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Table  1:  Example  parameter  sets  for  10  TeV  and  100  TeV 
muon  colliders.  The  generation  of  these  parameter  sets  is 
discussed  in  the  text.  These  parameters  represent  specu¬ 
lation  by  the  author  on  how  muon  colliders  might  evolve 
with  energy.  The  beam  parameters  at  the  interaction  point 
are  defined  to  be  equal  in  the  horizontal  (x)  and  vertical  (y) 
transverse  coordinates. 


center  of  mass  energy,  Ec0m 

10  TeV 

100  TeV 

collider  physics  parameters: 

luminosity,  C  [cm~2.s_1] 

1.0  x  1036 

3.1  x  1037 

/  £dt  [fb_1/det/year] 

10  000 

310  000 

No.  of  — >  ee  events/det/year 

8700 

2700 

No.  of  100  GeV  SM  Higgs/det/year 

1.4  x  107 

6.5  x  108 

fract.  CoM  energy  spread,  <te/E  [10-3] 

1.0 

0.08 

collider  ring  parameters: 

circumference,  C  [km] 

15 

100 

ave.  bending  B  field  [T] 

7.0 

10.5 

beam  parameters: 

(fi~  or)  n+ /bunch, No[1012] 

2.4 

2.0 

or)  fi+  bunch  rep.  rate,  fb  [Hz] 

15 

10 

6-dim.  norm,  emittance,  e67v[10_12m3] 

50 

3.5 

x,y  emit,  (unnorm.)  [7r./xm.mrad] 

0.55 

0.0046 

x,y  normalized  emit.  [7r.mm.mrad] 

26 

22 

fract.  mom.  spread,  5  [10-3] 

1.4 

0.084 

relativistic  7  factor,  E^/m^ 

47  322 

473  220 

ave.  current  [mA] 

24 

7.9 

beam  power  [MW] 

58 

320 

decay  power  into  magnet  liner  [kW/m] 

1.4 

2.4 

time  to  beam  dump,  to  [yfy] 

no  dump 

0.5 

effective  turns/bunch 

1039 

985 

interaction  point  parameters: 

spot  size,  ax  =  <7y  [nm] 

780 

93 

bunch  length,  az  [mm] 

1.1 

0.185 

/?*  [mm] 

1.1 

0.185 

ang.  divergence,  ag  [mrad] 

0.71 

0.5 

beam-beam  tune  disruption  parameter,  Au 

0.100 

0.100 

pinch  enhancement  factor,  Hb 

1.108 

1.130 

beamstrahlung  fract.  E  loss/collision 

2.3  x  10“7 

6.5  x  10-4 

final  focus  lattice  parameters: 

max.  poletip  field  of  quads.,  B ^  [T] 

15 

20 

max.  full  aperture  of  quad.,  A±4CT[cm] 

20 

88 

An  ax  [km] 

1100 

260000 

final  focus  demagnification,  M  =  \f/3mSiX//3* 

31000 

1.2  x  106 

chrom.  quality  factor,  Q  =  MS 

43 

100 

synchrotron  radiation  parameters: 

syn.  E  loss/turn  [MeV] 

17 

syn.  rad.  power  [MW] 

syn.  critical  E  [keV] 

12 

neutrino  radiation  parameters: 

collider  reference  depth,  D[m] 

300 

300 

v  beam  distance  to  surface  [km] 

62 

62 

v  beam  radius  at  surface  [m] 

1.3 

0.13 

str.  sect,  length  for  lOx  ave.  rad.,  Lxio[m] 

1.0 

2.4 

ave.  rad.  dose  in  plane  [mSv/yr] 

0.66 

12.6 
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A  CUPRONICKEL  ROTATING  BAND  PION  PRODUCTION  TARGET  FOR 

MUON  COLLIDERS1 

B.  J.  King2,  S.S.  Moser3,  R.J.  Weggel,  BNL4;  N.V.  Mokhov,  Fermilab5 


Abstract 

A  conceptual  design  is  presented  for  a  high  power  cupron¬ 
ickel  pion  production  target.  It  forms  a  circular  band  in 
a  horizontal  plane  with  approximate  dimensions  of:  2.5 
meters  radius,  6  cm  high  and  0.6  cm  thick.  The  target  is 
continuously  rotated  at  3  m/s  to  carry  heat  away  from  the 
production  region  to  a  water  cooling  channel.  Bunches  of 
16  GeV  protons  with  total  energies  of  270  kJ  and  repetition 
rates  of  15  Hz  are  incident  tangentially  to  arc  of  the  target 
along  the  symmetry  axis  of  a  20  Tesla  solenoidal  magnetic 
capture  channel.  The  mechanical  layout  and  cooling  setup 
are  described.  Results  are  presented  from  realistic  MARS 
Monte  Carlo  computer  simulations  of  the  pion  yield  and 
energy  deposition  in  the  target.  ANSYS  finite  element  cal¬ 
culations  are  beginning  to  give  predictions  for  the  resultant 
shock  heating  stresses. 

1  INTRODUCTION 

High  power  pion  production  targets  are  required  in  cur¬ 
rent  scenarios  [1]  for  muon  colliders.  The  pion  secondaries 
from  protons  on  the  target  are  captured  in  a  solenoidal  mag¬ 
netic  channel  and  decay  into  the  muon  bunches  needed  for 
cooling,  acceleration  and  injection  into  the  collider  ring. 
Bunched  proton  beams  of  several  megawatts  will  be  needed 
for  the  currently  specified  muon  currents  [1]:  approxi¬ 
mately  6  x  1020  muons  of  each  sign  at  repetition  rates  of  15 
Hertz  and  in  bunches  of  up  to  4  x  1012  muons  per  bunch. 
This  is  an  extrapolation  from  today’s  high  power  targets  in 
rate  of  target  heating,  shock  stresses  and  integrated  radia¬ 
tion  damage  to  the  target. 

Because  of  the  high  beam  power,  liquid  metal  jet  targets 
have  been  the  subject  of  much  recent  study  and  form  the 
bulk  of  a  proposed  experimental  R  &  D  program  of  tar- 
getry  studies  that  has  recently  been  submitted  [2]  to  the 
BNL  AGS  Division.  More  conventional  solid  targets  have 
several  challenges.  Along  with  concerns  about  shock  heat¬ 
ing  stresses  and  radiation  damage,  it  is  challenging  to  de¬ 
sign  a  cooling  scenario  consistent  with  both  the  large  beam 
power  and  the  small  target  cross  sections  that  are  needed 

'This  work  was  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy  under  contract  no.  DE-AC02-98CH10886. 

2 Submitting  author,  email:  bking@bnl.gov  . 

3  on  academic  leave  from  Saint  Joseph’s  College,  Indiana. 

4Brookhaven  National  Laboratory,  P.O.  Box  5000,  Upton,  NY  1 1973- 
5000 

5Fermi  National  Accelerator  Laboratory,  P.O.  Box  500,  Batavia,  IL 
60510-0500 


Figure  1 :  A  conceptual  illustration  of  the  targetry  setup, 
for  high  pion  yields. 

This  paper  introduces  the  idea  of  a  solid  target  in  the 
form  of  a  band  that  addresses  this  cooling  issue  by  rotating 
the  band  to  carry  heat  away  from  the  targetry  region  and 
through  a  cooling  channel. 

Figures  1  and  2  give  schematic  views  of  the  targetry 
setup  we  are  considering  and  figure  3  shows  the  trajectory 
of  the  proton  beam  into  the  target  band.  It  must  be  empha¬ 
sized  that  details  such  as  the  rollers  and  cooling  setup  are 
only  shown  schematically  and  no  effort  has  been  put  into 
their  design. 

The  target  band  is  enclosed  in  a  20  Tesla  solenoidal  mag¬ 
netic  pion  capture  magnet  whose  general  design  has  previ¬ 
ously  been  studied  [1]  by  the  Muon  Collider  Collaboration 
(MCC).  The  major  design  modification  specific  to  this  par¬ 
ticular  geometry  concerns  the  provision  of  entry  and  exit 
ports  for  the  target  band. 

The  high-power  bunched  proton  beam  strikes  the  target 
band  at  a  glancing  angle  and  travels  along  inside  the  tar¬ 
get  material  for  two  nuclear  interaction  lengths  before  the 
curvature  of  the  band  brings  it  again  to  an  exit  point  at  the 
outer  edge  of  the  band.  The  beam  is  tilted  at  150  milli- 
radians  to  the  longitudinal  axis  of  the  solenoidal  magnet; 
MARS  simulations  described  below  show  that  this  gives  a 
larger  pion  yield  than  a  beam  parallel  to  the  solenoid. 

2  MARS  SIMULATIONS  OF  TARGET 
HEATING  AND  PION  YIELD 

Full  MARS  [3]  tracking  and  showering  Monte  Carlo  sim¬ 
ulations  were  conducted  for  a  16  GeV  proton  beam  of 
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Figure  2:  A  conceptual  illustration  of  the  target  layout 
around  the  pion  production  region. 


X 


30  cm  =  2  interaction  lengths 

( - 1 


Figure  3:  The  trajectory  of  the  proton  beam  into  the  target 
band. 

1  x  1014  ppp  with  a  repetition  rate  of  15  Hz  on  Ni  band 
(R=250  cm,  6  cm  height,  0.6  cm  thickness)  in  a  20  T 
solenoid  of  Rtt=7.5  cm  half-aperture.  Both  untilted  tar¬ 
gets  and  targets  tilted  by  a=150  mrad  were  studied  and  de¬ 
tailed  3-dimensional  maps  of  energy  deposition  densities 
were  generated  for  input  to  the  ANSYS  stress  analyses. 

The  yield  per  proton  at  90  cm  downstream  from  the 
central  intersection  of  the  beam  with  the  target  was  de¬ 
termined  for  pions  plus  muons  in  the  momentum  range 
0.05<p<0.8  GeV/c.  The  yields  of  positive  and  negative  pi¬ 
ons  were,  respectively,  Y+  =  0.491  and  Y_  =  0.498  at  a=0 
and  Y+  =  0.622  and  Y_  =  0.612  at  a=150  mrad.  Figure  5 
shows  the  momentum  spectra  for  all  hadrons  and  figure  6 
gives  more  detailed  information  for  the  pions.  Figure  7 
shows  the  time  distribution  for  when  these  pions  are  formed 
and  figure  8  shows  several  scatter  plots  to  illustrate  their 
distribution  in  phase  space.  These  pion  yields  and  densities 
in  phase  space  are  comparably  good  to  the  predictions  for 
the  best  of  the  liquid  jet  targets  under  consideration. 

The  peak  energy  deposition  density  was  found  to  be 
68.6  J/g  per  pulse,  corresponding  to  a  temperature  rise 
of  AT=150.5°C.  This  corresponded  to  a  total  power  dis¬ 


sipation  in  the  target  of  0.324  MW  at  <*=150  mrad. 
Contributions  to  the  deposited  energy  come  from  dE/dx 
from  hadrons  and  muons  (44%),  electromagnetic  shower¬ 
ing  (46%)  and  from  absorbtion  of  sub-threshold  particles 
(10%).  Power  dissipation  in  inner  layer  of  tungsten  shield¬ 
ing  (7.5<r<  15  cm)  was  also  determined,  and  was  found  to 
be  0.624  MW  at  <*=0  and  0.766  MW  at  a=150  mrad. 


Figure  4:  Energy  deposition  density  in  the  band  target  ver¬ 
sus  azimuthal  angle  for  a  tilt  angle  <*=150  mrad. 


Figure  5:  Momentum  spectra  of  hadrons  at  L=90  cm  and 
R<7.5  cm  for  a  tilt  angle  a=150  mrad.  Integrated  yield  is 
shown  in  parentheses. 


3  ANSYS  STRESS  SIMULATIONS 

The  survivability  of  solid  targets  in  the  face  of  repeated 
shock  heating  is  probably  the  most  challenging  problem 
faced  in  these  scenarios  for  pion  production  for  muon  col¬ 
liders. 

To  investigate  this,  we  are  beginning  to  conduct  finite 
element  computer  simulations  of  the  shock  heating  stresses 
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Figure  6:  Pion  momentum  spectra  at  L=90  cm  and 
R<7.5  cm  for  a  tilt  angle  a=150  mrad. 
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Figure  8: 7r+  (red)  and  n—  (green)  scatter  plots  at  L=90  cm 
and  R<7.5  cm  for  a  tilt  angle  a=150  mrad. 


4  CONCLUSIONS 

In  conclusion,  initial  studies  indicate  that  cupronickel  rotat¬ 
ing  band  targets  may  well  be  a  viable  and  attractive  option 
to  satisfy  the  difficult  high  power  targetry  requirements  of 
muon  colliders. 


5  REFERENCES 


Figure  7:  Pion  time  spectra  at  L=90  cm  and  R<7.5  cm  for 
0.05<p<0.8  GeV/c  and  a  tilt  angle  a=150  mrad. 


using  ANSYS,  a  commercial  package  that  is  very  widely 
used  for  stress  and  thermal  calculations.  These  studies  are 
still  at  an  early  stage. 

It  is  encouraging  that  the  instantaneous  temperature  rise 
predicted  by  MARS  of  approximately  70  degrees  per  pro¬ 
ton  pulse  is  much  less  than  the  500-600  degree  tempera¬ 
ture  rise  in  microsecond  timescales  that  the  Fermilab  pbar 
source  nickel  target  routinely  operates  at.  Further,  if  the 
predicted  stresses  turn  out  to  be  higher  than,  say,  50%  of 
the  target’s  tensile  strength  then  possibilities  exist  for  redi¬ 
mensioning  the  target  and  the  proton  spot  size  to  reduce  the 
stress. 
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Abstract 

For  a  muon  collider,  to  obtain  the  needed  luminosity,  the 
phase  space  volume  must  be  greatly  reduced  within  the 
muon  life  time.  The  ionization  cooling  is  the  preferred 
method  used  to  compress  the  phase  space  and  reduce  the 
emittance  to  obtain  high  luminosity  muon  beams.  Alter¬ 
nating  solenoid  lattices  has  been  proposed  for  muon  collid¬ 
ers,  where  the  emittance  are  large.  We  present  an  overview, 
discuss  formalism,  transfer  maps  for  solenoid  magnets  and 
beam  dynamics. 

1  INTRODUCTION 

Alternating  solenoid  lattices  has  been  proposed  as  desir¬ 
able  for  use  in  the  earlier  cooling  stages  of  Muon  Colliders, 
where  the  emittances  are  large.  Since  the  minimum  /3j_ ’s 
must  decrease  in  order  to  obtain  smaller  transverse  emit¬ 
tances  as  the  muon  beam  travels  down  the  cooling  channel. 
This  can  be  done  by  increasing  the  focusing  fields  and/or 
decreasing  the  muon  momenta,  where  the  current  carrying 
lithium  lenses  may  be  used  (to  get  a  stronger  radial  focus¬ 
ing  and  to  minimize  the  final  emittance)  for  the  last  few 
cooling  stages.  The  use  of  ‘bent  solenoids’  may  provide 
the  required  dispersion  for  the  momentum  measurement. 
Where  the  off-momentum  muons  are  displaced  vertically 
by  an  amount: 

P  A  P 

Ay™  ^-fr<?bend’  (1) 

where  Bs  is  the  field  of  the  bent  solenoid  and  0bend  is  the 
bend  angle.  In  Fig.l,  the  bending  of  the  solenoid  produce 
the  dispersion  required  for  the  longitudinal  to  transverse 
emittane  exchange.  Where  after  one  bend  and  one  set  of 
wedges  the  beam  cross-section  is  asymmetric  then  the  sym¬ 
metry  is  restored  by  going  through  the  second  bend  and 
wedge  system  (which  is  rotated  by  90  degrees  w.r.t.  the 
first)  [1], 

2  FORMULATION  AND  MAPS  FOR 
SOLENOIDS 

The  canonical  equations  in  2n-Dimensional  phase  space 
(e.g.  6  Dim.,  in  our  calculation)  can  be  expressed  as  ^  = 
[ipi,H],  i  =  1,2,...  2 n,  and  in  terms  of  the  Lie  transfor¬ 
mations  as 

^-  =  -:H:fa,  t  =  1, 2,  ...2n  (2) 

Where  the  Lie  operator  (:  H  :)  is  generated  by  the  Hamil¬ 
tonian,  ( H ),  and  Lie  transformation,  M  =  could 
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Figure  1 :  Example  of  bent  solenoids  and  Wedges  -  for  emit¬ 
tance  exchange.  May  be  used  for  muon  collider  longitudi¬ 
nal  cooling  see  e.g.,  Refs,  in  [1]. 

generate  the  solution  to  Eq.  (2)  as  fa  =  Mfa(0),  where 
fa  is  the  value  of  fa(t)  at  t  >  0  and  fa(0)  is  the  initial 
trajectory.  The  interest  is  to  find  solutions  to  equations  of 
motion  which  differ  slightly  from  the  reference  orbit  Thus, 
one  can  choose  the  canonical  variables,  from  the  values  for 
the  reference  trajectory  (for  small  deviations)  and  Taylor 
expand  the  Hamiltonian  ( H )  about  the  design  trajectory 
H  =  H2  4-  H3  +  . . .  .  Where  Hn  is  a  homogeneous 
polynomial  of  degree  n  in  the  canonical  variables.  After 
transformations  to  the  normalized  dimensionless  variables, 
one  can  obtain  the  effective  Hamiltonian  i/Ncw,  expressed 

tfNew  =  F2  +  F3  +  F4  . . .  .  (3) 

Thus  the  particle  trajectory  ip  =  (X,  Px  ,Y,Py,  t,  Pt  ) 
through  a  beamline  element  of  length  L  can  be  described 
by  ip[  =  —  :  H New  :fa,i  =  1,2,...  2 n.  The  exact  sym- 
plectic  map  that  generates  the  particle  trajectory  through 
that  element  is  M  =  e~L:H  :,  where  M  describes  the 
particle  behavior  through  the  element  of  length  L.  Using 
the  factorization  and  expanding  ifNew  as  in  Eq.  (3),  results 

1,1  M  =  e-L:^-=e:/2  =  e:/3:e:/4:  ,  (4) 

(e.g.,  for  a  map  through  3rd  order  we  need  to  include  terms 
of  /2,  /3,  and  /4). 

To  illustrate  the  above  formalism,  consider  the 
evolution  of  the  motion  of  particles  in  an  external 
electromagnetic  field  described  by  the  Hamiltonian  H  = 
v/m2c4  +  c2[(px  -  qAx )2  +  (py  -  qAy )2  +  {pz  -  qAz)2] 
+e<p(x,  y,  z\  t),  where  m  and  q  are  the  rest  mass  and  charge 
of  the  particle,  A  and  <p  are  the  vector  and  scalar  potentials 
such  that  B  =  X  x  A,  E  =  — V<p  —  VA/dt. 

Making  a  canonical  transformation  from  H  to  Hi  and 
changing  the  independent  variable  from  time  t  to  z  (for 
convenience)  for  a  particle  in  magnetic  field  (e.g.  of 
solenoid)  results  in  pz  =  [(pz  -  qAx)2  +  (py  -  qAy )2  + 
pH<?  -  m2c2]1/,z.  Where  H  =  —pt.  Hi  =  —pz  and 
t  =  ( z/vqz )  the  time  as  a  function  of  z.  We  next  make  a 
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canonical  transformation  from  H\  to  77New,  with  a  dimen¬ 
sionless  deviation  variables  (for  convenience),  X  =  x/l, 
Y  =  y/l,  r  =  c/l(t  -  z/v0z),  Px  =  px/po,  Py  =  Py/Po, 
PT  =  (pt-pot) /poc,  where  l  is  a  length  scale  (taken  as  1  m 
in  our  analysis),  with  P  =  Px+Py  and  Q  =  X+Y  defined 
as  two  dimensional  vectors  [5],  po  and  Pqc  are  momentum 
and  energy  scales.  Where  po  is  the  design  momentum,  vqz 
is  the  velocity  on  the  design  orbit  and  ppt  is  a  value  of  pt 
on  the  design  orbit  (pot  =  y/m2^  +  pic2)  (reminding  that 
design  orbit  for  the  solenoid  is  along  the  z-axis).  Thus,  ex¬ 
panding  the  new  Hamiltonian  Eq.  (3)  leads  to: 


F2 


Fs 


Fi 


+^(B°2Q2+4P2) 

Pr4(5-^2)  P2Q2B2(  3-p2) 

8/9472  16/32 


(6) 


~(P  ■  Q)2B0  -  ^(Q  x  P)  •  zB0  +  (7) 


Following  the  Hamiltonian  flow  generated  by: 

tfNew  =f2+f3... 

from  some  initial  tpo  to  a  final  ipf  coordinates  we  can  calcu¬ 
late  the  transfer  map  M  (Eq.  (4))  for  the  solenoid.  Where 
F2,  F3y  and  F4  would  lead  to  the  1st,  2nd,  and  3rd  order 
maps.  The  effects  of  which  can  be  seen  from  Eqs.  (5-7). 
For  example,  the  2nd  order  effects  due  to  solenoid  transfer 
maps  are  purely  chromatic  aberrations  Eq.  (6).  In  addition, 
we  note  the  third  order  geometric  aberrations  Eq.  (7).  As 
shown  by  Eqs.  (5-7),  the  coupling  between  X,  Y  planes 
produced  by  a  solenoid  is  rotation  about  the  z-axis  which 
is  a  consequence  of  rotational  invariance  of  the  Hamilto¬ 
nian  jffNew,  due  to  axial  symmetry  of  the  solenoid  field. 
For  beam  simulations,  M  can  be  calculated  to  any  order  us¬ 
ing  numerical  integration  techniques  such  as  Runge-Kutta 
method  depending  on  the  computer  memory  and  space 
available  [5]. 

3  HIGHER  ORDER  KINEMATIC 
INVARIANTS  AND  CORRELATIONS: 

Let  p(ip)  be  the  distribution  of  particles  in  phase  space  at 
any  instant  e.g.  d?N  —  p(ip)cPip,  where  d?N  and  (Pip 
are  the  number  of  particles,  and  small  volume  in  the  6- 
dimensional  phase  space  (xp  =  [q,p\,qt,Pi  =  1,2, 3),  re¬ 
spectively.  Let  p(M~1ip)  be  the  final  distribution  at  the 
end  of  the  system  such  that  a  set  of  initial  moments  are 
(j  =  index),  defined  as  k®  =  jf  p(xp)Fj  (ip)<Pip.  Where  the 


final  moments  become  kj  —  J p(xp')Fj(Mxp')(Pxp'  with 
Fj(Mip)  =  YP,  Djt(M)Fi(ip),  ( Djt  is  a  matrix  and  Fj (ip) 
are  a  complete  set  of  homogeneous  polynomials.)  Thus, 
the  moment  transport  can  be  expressed  in  a  simple  form  as 
kj  =  YiF(M)jtk°t.  Djt(M)  are  quadratic  functions  of 
matrix  elements  My. 

In  6-Dim.  phase  space,  there  are  3  functionally  inde¬ 
pendent  kinematic  invariants  made  up  of  quadratic  mo¬ 
ments,  e.g.  e2,  e2,  e2,  such  that  I2(k)  =  e2  +  +  e2, 

h(k)  =  e4  +  e4  +  e4,  and  I6(k)  =  e®  +  e®  +  4,  or  in 
general  In(k)  =  |(-1  )n/2ty(tpJ)2 ,  where  ^  =  6x6 
matrix,  whose  entries  are  moments,  ipjk  =  (ipjipk),  with 

7  =  3x3  identity  matrix  and  J  =  —  ^  J  . 

E.g.,  I2(k)  =  (x2)(p2x)  -  (xp2x)  +  ( y2)(p2y )  -  (ypy)2  + 
(t2)(p2t)  ~  ( rpT )2  +  2(xy)(pxpy)  -  2 (xpy)(ypx)  +  .... 
This  is  a  generalization  of  2-Dim.  mean  square  emittance 
(e.g.  see  Refs.  [2,  5]).  Thus,  higher  order  kinematic  in¬ 
variants  (e.g.  cubic  and  quartic  moments);  and  correlations 
between  various  degrees  of  freedom  may  be  constructed, 
and  used  as  a  tool,  in  nonlinear  dynamic  studies.  E.G., 
for  a  beam  transport  system  one  may  use  an  invariant: 
I  =  (x2)(px)2  +  (p2)(x)2  -  2 (xpx)(x)(px)  constructed 
from  a  linear  and  quadratic  moments.  Noting  that,  the  in¬ 
clusion  of  correlations  between  the  variables  may  be  detri¬ 
mental  in  (the  accuracy  of)  beam  dynamic  studies. 

4  MUON  COOLING 

Muon  colliders  have  the  potential,  to  provide  a  probe  for 
fundamental  particle  physics.  To  obtain  the  needed  col¬ 
lider  luminosity,  the  phase-space  volume  must  be  greatly 
reduced  within  the  muon  life  time.  The  Ionization  cool¬ 
ing  is  the  preferred  method  used  to  compress  the  phase 
space  and  reduce  the  emittance  to  obtain  high  luminosity 
muon  beams.  We  note  that,  the  ionization  losses  results 
not  only  in  damping,  but  also  heating:  transverse  heating 
appears  due  to  multiple  Coulomb  scattering  and  longitu¬ 
dinal  one  is  due  to  so  named  ‘.‘straggling”  of  the  ioniza¬ 
tion  losses  (we  note  that,  this  straggling  is  produced  by 
fast  “knock-on”  ionization  electrons),  e.g.  see  [4].  The 
longitudinal  muon  momentum  is  then  restored  by  coherent 
re-acceleration,  leaving  a  net  loss  of  transverse  momentum 
(transverse  cooling).To  achieve  a  large  cooling  factor  the 
process  is  repeated  many  times.  The  transverse  cooling  can 
be  expressed  (neglecting  correlations)  as 
den  __  1  dEft  en  1  [3±(0M4GeV)2 

ds  02  ds  Ey  /33  2  LR  ‘ (  ’ 

where  (3  =  v/c,  en  is  the  normalized  emittance,  is  the 
betatron  function  at  the  absorber,  dE^/ds  is  the  energy 
loss,  and  Lr  is  the  radiation  length  of  the  material.  The 
first  term  in  this  equation  is  the  cooling  term,  and  the  sec¬ 
ond  is  the  heating  term  due  to  multiple  scattering.  To  min¬ 
imize  the  heating  term,  a  strong-focusing  (small  f3±)  and  a 
low-Z  absorber  (large  Lr)  is  needed. 

In  obtaining  Eq.  8,  the  correlations  were  neglected  (as 
e.g.  in  the  Status  Report  see  [1]),  e.g.  (xPx)  =  0),  and  the 
relation  (x2)  =  e(3±  =  was  used,  which  can  not  be 
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P 

Figure  2:  Schematic  of  the  dependence  of  ionization  losses 
on  momenta. 

assumed  if  the  correlations  are  properly  taken  into  account. 
Thus,  if  (xPx)  ^  0  then  transverse  cooling  to  be  expressed 
as 

den  1  dE^  en  1  (x2)(0.0UGeV)2 

ds  02  ds  E „  03  2en  E ^  Lr  1  J 

As  in  Fig.  1,  by  introducing  a  transverse  variation  in  the 
wedge  (absorber)  density  or  thickness,  where  there  is  dis¬ 
persion  (i.e.  the  transverse  position  is  energy  dependent), 
the  energy  spread,  and  the  longitudinal  emittance  can  be  re¬ 
duced.  As  we  noted  earlier,  from  theoretical  point  of  view, 
a  situation  with  ionization  cooling  completely  corresponds 
to  a  situation  with  radiation  cooling  whose  theory  is  well 
developed.  For  some  standard  “hierarchy”  of  methods  for 
analyzing  such  systems  see  e.g.  Ref.  [4], 

In  ionization  method,  muons  passing  through  a  material 
medium  lose  momentum  and  energy  through  ionization  in¬ 
teractions  in  transverse  and  longitudinal  directions.  The 
normalized  emittance  is  reduced  due  to  transvers  energy 
losses.  The  curve  in  Fig.  (2)  shows  the  dependence  of  ion¬ 
ization  losses  on  momenta.  Damping  rates  (decrements) 
of  individual  particles  in  the  absence  of  wedges  (natural 
damping  rate)  are  defined  by  the  following  formula: 

\  _ l 

dz  ion  202ymc2 

(10) 

X  _  _I  A.  \(dE\  1] 

z  dp  W  dz  /  ion  vJ 

Where  Ax  and  Ay  are  natural  transverse  and  longitudinal 
damping  respectively.  Here  (^f  )ion  is  the  ionization  losses 
of  energy,  m  is  the  muon  mass,  0, 7  are  relativistic  parame¬ 
ters,  p,  v  are  momentum  and  longitudinal  velocity  of  muons 
being  cooled.  It  was  established,  that  the  sum  of  all  incre¬ 
ments  is  invariant  of  the  cooling  system:  A  =  2Aj_  +  Ay . 
This  curve  is  also  plotted  in  Fig.  (2)  (as  the  dotted  line). 
In  Fig.  (2)  we  see  that  there  are  two  natural  regions  for 
cooling:  region  A  (“frictional  cooling”)  and  region  B  (“ion¬ 
ization  cooling”  for  intermediate  and  high  energies).  Fric¬ 
tional  Cooling  is  convenient  only  for  cold  (low  energy) 


muons  (e.g.  Kinetic  energy  10  to  150  KeV),  and  therfore  it 
is  difficult  to  use  for  high  energy  muon  source,  (in  addition 
to  big  noises  due  to  coulomb  scattering  etc.).  Classical  Ion¬ 
ization  Cooling  is  useable  for  kinetic  energy  range  of  30  to 
100  MeV.  Which  due  to  abscence  of  “natural”  longitudinal 
cooling  it  is  necessary  to  use  “wedges”  for  which  R  &  D  is 
needed.  A  propsal  for  such  studies  is  being  considered  [1]. 

5  MUON  COOLING  “MERIT  FACTOR” 


Luminosity  of  collider  L  is  defined  by  the  following  ex¬ 
pression:  jy  2  j  jy2  j 


9x9y 


Pi 


(11) 


Where  N  =  a  number  of  muons  per  bunch,  /  =  mean  rep¬ 
etition  frequency  of  collisions,  =  emittance  at  collision 
point  and  /3^  =  0-function  at  collision  point.  Usually  [i{L 
is  limited  by  condition:  0^  >  where  a[  is  a  longitu¬ 
dinal  bunch  size.  Let  us  assume,  that:  1)  is  known 

p 

(monochromatic  experiments);  2)  we  can  redistribute  emit- 
tances  inside  a  given  six-dimensional  phase  volume.  Then, 
taking  into  account  losses  in  the  cooling  system,  we  can 
rewrite  Eq.  (1 1)  in  the  following  form: 

N§  exp  (-^  fQz  D2 


(-Y 

V  p  /  it 


(12) 


Here  “N0”  is  a  number  of  particles  at  an  entrance  of  the 
cooling  system,  “exp”  describes  muon  decay,  “ D ”  de¬ 
scribes  muon  losses  in  cooling  section,  and  is  an 

invariant  six-dimensional  phase  volume  of  muon  beam. 

Thus  we  can  introduce  “merit  factor”  which  describes  a 
quality  of  muon  cooling  system.  We  obtain 


Note  that,  the  dependence  on  Vf*  may  be  stronger.  With 
account  of  all  the  circumstances,  we  can  write 


R  ~  (V6N)a  (14) 


with  q  in  interval  (0.5;  2/3).  For  more  info,  see  Refs.  [1-5]. 
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PION  YIELD  VS.  GEOMETRY  OF  TARGET  AND  ~20  T  PULSE  SOLENOID 
FOR  A  MUON  COLLIDER  EXPERIMENT 

R.  J.  Weggel*.  BNLV,  Upton,  NY  and  N.V.  Mokhov*,  FNAL*,  Batavia,  IL 


Abstract 

The  Muon  Collider  Collaboration  is  proposing  a  pion- 
capture  experiment  that  employs  BNL’s  Alternating  Gra¬ 
dient  Synchrotron,  a  liquid  metal  target,  and  a  pulse  sole¬ 
noid  precooled  by  liquid  nitrogen.  This  paper  compares 
the  yield  with  various  target  diameters,  orientations  and 
magnetic  field  profiles.  To  equalize  costs,  all  magnets 
have  the  same  mass,  12  metric  tons.  The  magnet  has  two 
nested  shells,  energized  sequentially.  The  outer  set  of 
coils,  energized  at  4  MVA,  generates  -1/3  of  the  field  in 
the  target,  most  of  the  field  downstream  from  it,  and  stores 
-21  MJ,  from  which  to  energize  the  inner  coil. 

The  computer  code  MARS  predicts  that  the  meson 
yield  5  meters  from  the  target  can  be  -0.35  per  16-GeV 
proton.  This  is  with  a  mercury  target  of  20  mm  diameter 
and  0.3  m  length,  tilted  100  mr  from  the  field  axis.  The 
magnet  field  is  20  T,  averaged  over  the  target,  ramping 
downward  as  (l+5z)_I  over  a  3  m  length,  while  the  bore 
increases  inversely  with  the  square  root  of  the  field. 

1  NEED  TO  MODEL  PION  CAPTURE 

To  supply  the  particles  for  a  muon  collider  [1]  one  needs 
three  components.  One  is  a  source  of  nanosecond  bunches 
of  protons  of  multi-GeV  energy.  Another  is  a  target  in 
which  the  protons  generate  mesons  (-95%  pions  and  -5% 
kaons),  which  decay  into  muons.  The  third  component  is  a 
solenoid  of  large  field  and  bore,  to  capture  the  mesons  by 
bending  their  trajectories  into  helices  spiralling  around 
field  lines.  One  seeks  to  maximize  the  yield  of  muons  per 
unit  proton  energy,  and  to  minimize  the  volume  of  their 
phase  space,  for  the  sake  of  high  collider  luminosity. 

2  TARGET  &  PION-CAPTURE  MAGNET 

The  energy  deposition  from  the  proton  beam  is  nearly 
instantaneous  and  may  be  of  so  high  a  density  as  to  pro¬ 
duce  a  violent  shock  wave  in  the  target.  A  liquid  jet  is 
immune  from  permanent  damage  but,  if  electrically  con¬ 
ducting,  will  decelerate  and  deform  from  Lorentz  interac¬ 
tions  with  the  field.  To  observe  the  behavior  of  the  jet  in 
the  magnetic  field,  and  thereby  to  assess  its  suitability  as  a 
target,  is  one  goal  of  the  pion-capture  experiment. 
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To  capture  most  of  the  forward-directed  mesons  gener¬ 
ated  in  the  target  requires  a  large  volume  of  intense  field. 
Capture  to  a  transverse  momentum  of  225  MeV/c  needs  3 
T-m — e.g.,  20  T  in  a  bore  of  0.15  m.  A  continuous-field 
magnet  of  this  performance  is  too  expensive,  either  for  the 
superconducting  magnet  or  for  the  power  supply.  The 
constraint  on  power  dictates  a  system  pulsed  from  liquid 
nitrogen  temperature,  which  improves  the  initial  electrical 
conductivity  by  a  factor  of  about  seven.  A  crucial  addi¬ 
tional  innovation  is  to  employ  two  nested  sets  of  coils,  as 
in  Fig.  1,  energized  sequentially.  The  modest  power  sup¬ 
ply  available  to  BNL,  16  kA  at  250  V,  energizes  only  the 
massive  outer  set  of  coils,  which  inductively  stores  -21 
MJ.  Insertion  of  a  125  mil  resistor  across  its  terminals 
then  provides  a  voltage — initially  2  kV — to  energize  the 
inner  coil  quickly  to  high  field. 


Figure  1:  Pion-capture  magnet,  with  average  field  B0  in 
target,  -0.3<z<0  meters.  Magnet  mass  =  12  metric  tons.  4 
MW,  21  MJ  outer  set  of  coils  energizes  inner  coil.  Bore  is 
-0.15  m  near  target,  -0.6  m  at  mouth,  z=L.  For  0<z<L, 
the  field  profile  ramps  downward  as  B„/(l+z/L).  The  cone 
is  the  envelope  of  captured  mesons. 

2.1  Design  of  LN2-Precooled  Pulse  Magnet 

The  prediction  of  magnet  performance  is  complicated  by 
the  increase  in  resistance  of  each  coil  as  it  heats  up  during 
the  pulse.  Another  complication  is  the  inductive  crosstalk 
between  coils.  This  complexity  precludes  an  analytical 
solution.  Instead,  one  partitions  the  pulse  into  dozens  of 
brief  time  intervals,  in  each  of  which  one  approximates 
the  current,  temperature  and  resistance  of  each  coil  as  a 
power  series  of  order  2  or  more. 

In  a  typical  system,  energizing  the  outer  coil  set  takes 
about  20  seconds.  Its  peak  field  reaches  -10  teslas.  Ener¬ 
gizing  the  inner  coil  to  its  peak  field  of  -13  T  takes  only 
-0.3  s.  Meanwhile,  the  field  from  the  outer  set  of  coils  has 
decayed  to  -7  T,  for  a  total  of  -20  T.  The  total  field  is 
within  10%  of  its  peak  for  -0.8  s.  When  the  inner  coil  has 
approximately  doubled  in  resistance,  insertion  across  its 
terminals  of  a  resistor  of  -0.2  £2  dumps  its  current,  dissi¬ 
pating  most  of  its  stored  energy  at  room  temperature  and 
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limiting  its  peak  temperature  rise  to  -40  K.  The  total  en¬ 
ergy  dissipated  in  the  coils  themselves  is  -32  MJ — enough 
to  boil  off  200  liters  of  liquid  nitrogen.  Figure  2  graphs 
these  parameters  for  the  L=3  m  magnet  of  Fig.  1 . 


Seconds  since  starting  to  charge  inner  coil 
Figure  2:  Field,  temperature  rise  and  cumulative  heat  dis¬ 
sipation  vs.  time  in  pulse  magnet  of  Fig.  1,  in  which  a  4 
MW  outer  set  of  coils  energizes  the  inner  coil.  The  fields 
are  at  z=-0.15  m,  halfway  down  the  target. 

2.2  Peak  Field  vs.  Field  Profile  of  Magnet 

For  the  magnets  of  Fig.  1,  with  their  fixed  mass  and  peak 
power,  the  field  within  the  target  depends  on  the  field  pro¬ 
file  further  downstream — the  more  gradual  the  downramp 
(the  greater  the  length  L),  the  lower  the  peak  field.  Figure 
3  shows  that  if  the  ramp  length  L=2  m,  then  B0,  the  aver¬ 
age  field  in  the  target,  is  20.9  T;  if  L=3  m,  B0  is  20.0  T; 
and  if  L=5  m,  B0  is  only  17.3  T. 


17 1 _ _ _ I _ _ _ I _ i _ I _ i _ I _ _ _ I _ i _ I 

2.0  2.5  3.0  3.5  4.0  4.5  5.0 


Length  of  ramp  to  1/1 6th  field  [m] 

Figure  3:  Field,  averaged  over  the  target,  of  the  magnet  of 
Fig.  1,  vs.  the  length  L  that  defines  the  field  profile, 
B(z)=B,/(l+15z/L),  for  0<z<L. 


3  PION  YIELD  AT  Z=L  &  Z=5  METERS 

The  full  Monte  Carlo  with  the  latest  version  of  the  com¬ 
puter  program  MARS(  13)99  [2]  predicts  with  unprece¬ 
dented  accuracy  the  production  and  trajectories  of  parti¬ 
cles.  The  MARS  simulation  implements  fully  the  target 
and  magnetic  field  geometry  as  described  above.  Within 
the  target  the  field  is  uniform,  B0;  downstream,  over  a 
length  L,  it  decays  sixteenfold  as  B(z)  =  Bo/(l+k  z)  = 
B(/£.  For  z>L,  B  =  Bo/16.  The  aperture  radius  r(z)  =  0.075 
£1/2.  Maxwellian  expansion,  to  2nd  order,  of  the  on-axis 
field  gives  the  field  components  off  axis  as: 

Bz(r,z)  =  (Bo/Q  [1-0.5  (kr/Q2] 

Br(r,z)  =  0.5  B0  [k  r/£2]  [1  -  0.75  (k  r/Q2] . 

The  program  predicts  the  power  dissipation  in  the  target 
and  in  the  first  50  mm  radial  depth  of  the  solenoid  wind¬ 
ings,  and  predicts  the  residual  dose  rate  in  the  target  and 
solenoid.  It  also  provides  complete  information  on  the 
particles  at  the  solenoid  mouth  z=L,  and  at  z=5  meters. 
The  target  is  tilted  about  its  center,  z=-0. 15  m,  by  up  to 
150  milliradians.  The  particle  momenta  ranges  are 
0.05<p„<0.8GeV/c  and  0.1<p4<0.6GeV/c.  Results  are 
rather  close  to  those  with  a  simple  pt<0.225  GeV/c  cut. 


L  at  which  1/(1 +k  L)  =  1/16  [meters] 


Figure  4:  Meson  yield  per  16-GeV  proton.  Beam:  0x=oy= 
4mm.  Target:  Hg,  20  mm  dia.  by  0.3  m  long,  tilted  50  mr. 
ysjc+K;  ypy+H- 

Pion  momentum  spectra  at  z=5  m  (Fig.  5)  are  peaked  at 
pm=200  MeV/c.  One  can  see  about  20%  more  negative 
than  positive  pions  when  pn<pm,  and  20%  fewer  when 
pP’Pn,.  Most  of  the  pions  have  rather  low  transverse  mo¬ 
menta,  with  the  distribution  having  two  pronounced 
slopes:  steep  at  pt<100  MeV/c  and  shallow  at  higher  mo¬ 
menta  (Fig.  6).  Radial  distribution  of  pion  flux  at  z=5  m  is 
shown  in  Fig.  7.  One  sees  that  the  entire  system  focuses 
generated  pions  rather  well.  It  is  true  for  produced  muons 
and  other  particles,  too.  Good  focusing  properties  of  the 
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proposed  configuration  are  confirmed  by  a  compact  phase 
space — and  emittance  appropriately — as  shown  in  Fig.  8 
for  pions  at  the  exit  from  the  matching  solenoid. 


Figure  5:  Pion  momentum  spectra  at  z=5  m. 


Figure  8:  Horizontal  phase  space  scatter  plot  for  Jt+  at 
z=5m. 
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Figure  6:  Pion  transverse  momentum  distribution  at  z=5  m 


Figure  7:  Lateral  distribution  of  pion  flux  at  z=5  m. 
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Abstract 


A  summary  of  different  techniques  and  systems  to  scrape 
beam  halo  in  a  50x50  GeV  /z+/z~collider  is  presented. 
Such  systems  are  installed  in  a  special  utility  section  with 
optics  specifically  designed  to  meet  both  the  requirements 
of  the  scraping  system  and  of  injection.  Results  from  a  real¬ 
istic  Monte  Carlo  simulation  (STRUCT-MARS)  show  that  a 
system  consisting  of  steel  absorbers  several  meters  in  length 
suppresses  halo-induced  backgrounds  in  the  collider  detec¬ 
tor  by  more  than  three  orders  of  magnitude.  The  heat  load 
in  superconducting  magnets  near  the  scraper  system  can  be 
reduced  to  tolerable  levels  by  appropriate  collimator  design 
and  location.  This  reduction  applies  to  both  injection  and 
collider  mode  of  operation.  Also  discussed  is  extraction  of 
halo  particles  using  electrostatic  deflectors  and  bent  crys¬ 
tals,  although  neither  appears  to  be  effective  for  a  muon  col¬ 
lider  at  this  energy. 

1  INTRODUCTION 

The  halo-originated  background  in  a  fj,+ fi  ~  collider  detector 
arises  from  muons  which  strike  and  subsequently  interact 
in  the  physical  apertures  of  the  machine!  1,  2].  Muons  lost 
anywhere  along  the  lattice  contribute  to  the  source  term,  be¬ 
cause  they  can  penetrate  through  tens  and  hundreds  meters 
of  lattice  components.  Only  with  a  dedicated  beam  cleaning 
system  far  from  the  interaction  point  (IP)  can  one  mitigate 
this  problem[l,  3].  Three  beam  halo  scraping  schemes  are 
investigated  here  for  a  50x50  GeV  /z+/z~  collider: 

•  collimation  using  a  solid  absorber, 

•  halo  extraction  using  electrostatic  deflectors, 

•  halo  extraction  using  a  bent  crystal. 

Previously,  our  studies!  1,  3]  showed  that  no  absorber — 
ordinary  or  magnetized — will  suffice  for  beam  cleaning  at 
high  energies  (2  TeV);  in  fact  the  disturbed  muons  are  often 
lost  in  the  IP  vicinity.  At  50  GeV,  on  the  other  hand,  scrap¬ 
ing  muon  halo  with  a  steel  absorber  is  exceptionally  effec¬ 
tive.  The  second  scheme  is  attractive  because  halo  muons 
which  spill  into  the  deflector  gap  are  completely  extracted 
from  the  machine  and  can  be  directed  into  a  beam  dump. 
Only  those  muons  interacting  with  the  septum  wires  appear 
to  be  lost  on  the  limiting  apertures  in  the  machine.  The  third 
scheme  with  a  Si  bent  crystal  is  inexpensive  and  compact, 
and,  therefore,  its  efficiency  is  also  studied  in  this  paper. 
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A  50  GeV  beam  of  4.2x  1012  muons  with  a  normalized 
emittance  of  907T  mm  •  mrad  is  assumed  in  the  simu¬ 
lations.  A  utility  section  of  about  100  m  long  was  incor¬ 
porated  into  the  collider  lattice  on  the  side  of  the  ring  op¬ 
posite  to  the  IP[4]  (Fig.  1).  It  consists  of  two  identical 
cells  with  phase  advance  of  about  7r  between  cells  and  two 
matching  regions.  A  large  /3-function  of  100  m  in  horizon¬ 
tal  and  vertical  planes  was  designed  into  the  lattice  in  or¬ 
der  to  scrape  efficiently.  A  high  dispersion  is  also  required 
to  intercept  and  scrape  the  tails  of  the  energy  distribution. 
Monte-Carlo  simulations  of  the  beam  halo  collimation  are 
done  in  three  steps.  Primary  muon  interactions  with  a  col¬ 
limator  and  electrostatic  deflector  wires  are  simulated  with 
the  MARS  code[5].  Multi-turn  muon  tracking  in  the  col¬ 
lider  lattice  with  scattering  in  collimators  and  bent  crystals 
and  the  analysis  of  particle  losses  on  physical  apertures  are 
performed  using  the  STRUCT  code[6]  supplemented  with 
catch[7].  Following  this,  full-scale  hadronic  and  electro¬ 
magnetic  shower  simulations  in  the  collider  and  detector 
components  are  tracked  in  MARS. 


0  50  100  150  200  250  300  350  400 

Path  length,  m 


Figure  1 :  Muon  collider  /3-functions  and  dispersion. 
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2  SOLID  ABSORBER 

Horizontal  collimators  are  placed  in  the  high-/?  and  high- 
dispersion  region  with  a  7r-phase  advance  between  them 
(Fig.  2).  Vertical  collimators  are  installed  in  a  high  vertical 
/?  region  with  a  n/2  phase  advance  downstream  of  the  hor¬ 
izontal  ones.  On  average,  50  GeV  muons  loose  8%  of  their 
energy  and  receive  a  significant  angular  deflection  (Fig.  3) 
after  interacting  with  a  4  m  long  steel  absorber.  As  a  conse¬ 
quence,  almost  all  of  the  scraped  muons  are  lost  in  the  utility 
section  (where  in  this  scheme  conventional  magnets  can  be 
used)  or  in  the  first  50  m  downstream  (in  a  superconducting 
part  of  lattice,  Fig.  4). 


Figure  2:  A  3 <r  horizontal  (solid)  and  vertical  (dashed  line) 
beam  envelopes  in  the  scraping  region  with  an  absorber. 


The  power  density  distribution  in  the  SC  coils  is  strongly 
nonuniform  azimuthally,  peaking — contrary  to  the  decay- 
induced  process — on  the  inner  side  of  the  magnet  aperture 
relative  to  the  ring  center.  As  shown  in[l],  the  heat  load  to 
the  SC  can  be  reduced  to  an  acceptable  level  with  a  tungsten 
liner.  Assuming  1%  of  the  beam  is  scraped,  about  4x  106 
muons  are  lost  at  the  IP  over  the  first  few  turns  after  in¬ 
jection.  Later — during  collisions — muons  hit  the  absorber 
with  a  very  small  impact  parameter  (~  /mi)  undergoing 
smaller  orbit  distortions  than  at  the  beginning  of  the  store. 
Assuming  5%  of  the  beam  is  scraped  over  the  duration  of 
the  store,  6x  107  muons  in  total  are  lost  at  the  IP. 


Figure  3:  Muon  angular  distribution  after  a  4-m  steel  half¬ 
absorber  (x>0)  at  50  GeV. 
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Figure  4:  Beam  loss  at  injection  with  scraping  using  a  4  m 
steel  absorber  (top)  and  with  halo  extraction  (bottom). 

3  HALO  EXTRACTION 

In  this  scheme,  a  horizontal  scraping  section  consists  of 
an  electrostatic  deflector  ES(h)  positioned  at  3<r  off-axis 
to  clean  the  n+  and  n~  beams  simultaneously,  and  two 
Lambertson  magnets  LAMB(h)  positioned  symmetrically 
at  approximately  a  phase  advance  of  7r  away  from  ES(h) 
(Fig.  5).  Such  a  scheme  extracts  muons  with  A p  of  both 
signs.  Vertical  halo  extraction  is  done  by  a  separate  elec¬ 
trostatic  deflector  ES(v)  and  a  septum-magnet  SM(v)  for 
each  beam.  The  beam  halo  is  separated  from  the  circu¬ 
lating  beam  at  the  entrance  to  LAMB(ti)  and  SM(v) 
(Fig.  6)  which  allows  magnetic  septa  to  be  placed  between 
the  beams.  Large  amplitude  and  halo  muons  scatter  from 
the  ES  wires  are  extracted  by  LAM B(h). 

In  this  scheme,  about  86%  of  beam  halo  is  extracted  from 
the  collider.  Muons  interacting  with  the  ES  wires,  loose 
on  average  0.2%  of  their  energy  and  are  mostly  lost  in  the 
first  50  m  downstream  of  the  utility  section  (Fig.  4).  Un¬ 
fortunately,  a  significant  fraction  of  them  reaches  the  low- 
(3  region  upstream  of  IP  and  are  lost  there  at  the  rate  sig¬ 
nificantly  higher  than  in  the  first  scheme.  With  1%  of  the 
beam  scraped  at  injection  and  5%  over  the  store,  one  ob¬ 
tains  3.5 x  108  and  5x  109  muons,  respectively,  lost  in  the 
IP  region.  It  has  been  shown  in[l,  3]  that  in  the  high-energy 
2x2  TeV  /x+/x~collider,  this  extraction-based  scraping  has 
a  very  high  efficiency. 
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Figure  5:  A  3 a  horizontal  (solid  line)  and  vertical  (dashed 
line)  beam  envelope  for  the  halo  extraction  section. 
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Figure  6:  Halo  phase  space  at  the  entrance  to  LAMB(h) 
(top)  and  SM(v )  (bottom). 


4  BENT  CRYSTAL  EXTRACTION 


5  CONCLUSIONS 

The  studies  of  halo  scraping  performed  for  a  50x50  GeV 
H+H~  collider  show  that  a  simple  and  compact  absorber- 
based  beam  cleaning  system  provides  excellent  suppression 
of  the  beam  loss  rate  and  backgrounds  in  the  collider  detec¬ 
tor  vicinity.  That  is  about  hundred  times  better  than  with  a 
system  based  on  the  halo  extraction.  In  addition,  the  heat 
load  to  the  superconducting  magnets  downstream  of  the 
non-superconducting  scraping  section  is  higher  for  the  halo 
extraction  scheme  compared  to  the  absorber-based  system. 
In  any  case,  a  tungsten  liner  (or  other  methods)  is  needed 
there  to  protect  a  group  of  the  superconducting  magnets. 
The  use  of  a  bent  crystal  for  halo  extraction  at  the  given 
muon  beam  parameters  was  found  to  be  very  inefficient. 
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The  Si  crystal  length  needed  to  bend  a  50  GeV  muon  beam 
by  3  mrad  is  equal  to  5  mm.  The  natural  divergence  of  the 
beam  in  the  high-/?  regions  is  ±0.15  mrad  and  the  critical 
angle  in  a  Si  bent  crystal  is  ±20//rad.  Therefore  one  can 
expect  an  extraction  efficiency  of  only  13%,  which  is  un¬ 
acceptably  low.  In  addition  a  narrow  angular  acceptance 
requires  the  bent  crystal  to  be  aligned  to  ±5/rrad  with  re¬ 
spect  to  the  beam.  Simulations  performed  show  that  only 
a  few  percent  of  the  beam  halo  is  extracted  from  the  col¬ 
lider  at  50  GeV.  The  rest  is  scattered  by  the  crystal  as  by  an 
amorphous  target,  and  is  lost  at  collider  apertures.  The  cal¬ 
culated  background  in  the  detector  is  tremendously  larger 
compared  to  the  first  two  schemes. 
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Abstract 


Simulations  of  the  longitudinal  dynamics  in  a 
50GeVx50GeV  muon  collider  ring  have  been  per¬ 
formed.  Operation  of  the  ring  close  to  the  slippage 
factor  r)i  ~  10-6,  such  that  synchrotron  motion  is  frozen, 
minimizes  the  need  for  rf  to  maintain  the  bunch  length. 
Without  appropriate  rf  compensation,  however,  the  bunch 
wake  induces  an  intolerable  head-to-tail  energy  spread. 
This  paper  demonstrates  that  the  bunch  wake  may  be 
compensated  by  two  rf  cavities  with  low  rf  voltages. 
With  this  rf  setup  the  small  energy  spread  of  the  beam 
(6E/E=3xlQ~5)  in  the  50GeVx50GeV  muon  collider 
ring  can  be  maintained  during  the  1000  turn  lifetime 
of  the  muons.  These  studies  were  made  at  the  nominal 
design  point,  and  sensitivities  to  errors  were  explored. 
The  simulation  also  demonstrates  that  the  computation  of 
the  wake  field  using  bins  of  variable  width  (each  with  a 
constant  number  of  macroparticles)  accurately  reproduces 
the  wake  and  yields  reduced  computing  time  compared  to 
the  evaluation  of  the  wake  as  the  direct  sum  over  the  wakes 
of  all  preceding  macroparticles. 

1  INTRODUCTION 

This  paper  presents  investigations  of  the  longitudinal  dy¬ 
namics  in  a  50GeVx50GeV  muon  collider  ring.  The  crit¬ 
ical  design  parameters  of  a  50GeVx50GeV  muon  collider 
ring,  from  the  viewpoint  of  collective  effects,  are:  The 
bunch  has  a  large  charge  (N= 4x  1012),  the  bunch  length  is 
long  (<ri=13cm)  compared  to  the  pipe  radius(i>),  the  beam 
energy  spread  is  very  small  (cr4=3xl0-5),  as  is  the  slip¬ 
page  factor,  (j}\  ~  — 10~6).  The  muon  has  a  life  time, 
~  1.1ms  at  50  GeV,  corresponding  to  1000  turns  in  the 
ring  with  a  circumference(C)  of  300  meters.  The  need  to 
minimize  rf  voltage  leads  to  rji=  — 10-6  and  a  synchrotron 
oscillation  period  much  longer  than  the  storage  time.  The 
small  slippage  over  the  storage  time  leads  to  dynamics  sim¬ 
ilar  to  that  in  a  linac.  The  large  bunch  charge  induces, 
through  the  wakefield,  an  undesirable  head-to-tail  energy 
spread.  Maintaining  an  intense  beam  with  a  low  energy 
spread  provides  a  challenge  to  the  ring  design. 

We  show  a  means  of  controlling  the  longitudinal  dynam¬ 
ics  in  the  50GeV  muon  collider  ring.  That  is,  to  limit  rf, 
one  operates  the  ring  close  to  the  transition  (?yi=— 10~6) 
such  that  the  synchrotron  motion  is  frozen  in  the  storage 
time,  and  uses  two  rf  cavities  to  compensate  for  the  ring 
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impedance  arising  from  beam  and  ring  structures.  Since 
the  beam  intensity  decreases,  due  to  the  muon  decay,  rf 
voltages  must  also  vary  in  time. 

The  utility  of  the  simulation  depends  on  the  ability  to  cal¬ 
culate  a  sufficiently  accurate  wake  without  excessive  com¬ 
putation.  In  the  present  code,  the  wake  is  calculated  by 
summing  the  wakes  from  bins  of  variable  bin  width  in  front 
of  the  particle  and  <5- wakes  from  preceding  particles  in  the 
same  bin.  We  tested  this  method  of  calculating  wakes,  and 
found  that  it  gives  the  desired  accuracy  and  a  substantial 
reduction  in  computing  time  when  compared  to  wake  cal¬ 
culations  using  unbinned  macroparticles  [1].  A  more  com¬ 
plete  description  of  this  work  may  be  found  in  Ref. 2  [2]. 

2  THE  COMPUTATION  OF  THE 
WAKEFIELD  AND  MACROPARTICLE 
EQUATIONS 

The  wake  generated  by  a  beam  interacting  with  discontinu¬ 
ities  of  components  in  the  ring  is  approximated  by  a  broad¬ 
band  impedance.  The  longitudinal  wake  function  Wq(z) 
for  a  broad-band  impedance  is  given  by  [3] 

{0  if  z  >  0 

aRs  ifz=.0 

2 aR,eaz/c(cos*±  +  sin if  z  <  0, 

(1) 

where  a  =  wr/2Q  and  ui  =  \/wr  —  a2,  Q-Rsy/C/L  is 
the  quality  factor,  wr  =  l/y/LC  is  the  resonant  frequency 
and  Rs  is  the  shunt  impedance.  For  the  broadband  model, 
Q  =  1  and  u>r  —  c/b.  The  more  common  impedance 
Z\  |  / nh=(2irb/ C)R, .  Here,  n*  is  the  harmonic  number. 

The  variable  bin  size  technique  mentioned  above  works 
as  follows.  Firstly,  the  bunch  is  sliced  into  longitudinal 
bins  with  a  constant  number  of  particles,  Nr,  in  each  bin. 
This  results  in  bins  of  variable  bin  width.  The  wake  is  then 
expressed,  for  the  ith  particle,  assumed  to  be  in  bin  7,  as 

M  I<J 

=  -TT%E  N*WoMn)  ~  *'(»))  " 

j 

•<j 

£^(z,(n) -*,(»)) -WftO)],  (2) 
j 

where  Np  is  number  of  particles  in  the  bunch  and  Nm  is  the 
number  of  macroparticles.  The  lower  case  indices  refer  to 
particles  in  the  same  bin,  while  the  upper  case  indices  refer 
to  different  bins.  The  wake  from  macroparticles  in  preced¬ 
ing  bins  (J  >  7)  is  calculated  (the  first  term  on  the  RHS 
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of  Eq.(2))  as  arising  from  a  single  macroparticle  located  at 
zj ,  the  center  of  bin  J.  The  interaction  between  macropar¬ 
ticles  in  the  same  bin  is  included  as  6-function  wakes  (the 
second  term  on  the  RHS  of  Eq.(2)),  and  finally  —W'o{0)  is 
the  wake  generated  by  the  macroparticle  itself. 

We  used  of  order  2000  bins  for  44000  macroparticles  in 
the  simulation.  The  wake  field  that  was  in  good  agreement 
with  analytical  results.  The  numbers  of  bins  and  macropar¬ 
ticles  must  be  properly  chosen,  as  they  depend  on  ring  pa¬ 
rameters  such  as  the  bunch  length  and  the  radius  of  the 
beam  pipe. 

Macroparticles,  with  an  initially  Gaussian  distribution, 
are  tracked  in  phase  space  with  equations  of  motion  which 
include  kicks  by  two  rf  cavities,  a  longitudinal  wake  kick 
and  a  drift  that  depends  on  the  momentum  compaction. 
Each  macroparticle  i  has  position  and  energy  coordinates 
(z{,  6i )  and  is  tracked  for  1000  turns.  The  longitudinal  dif¬ 
ference  equations  for  the  i’th  macroparticle  at  revolution 
number  n  is  derived  from  its  coordinates  on  turn  n  —  1  by: 


6i(n)  =  6i(n  -  1)  +  Krf(n  -  1)  +  PV(z,(n)),  (3) 

Zi(n)  =  Zi(n  —  1)  +  (77i<5  +  r)282  +  t)362)C.  (4) 

Here,  z  is  the  longitudinal  coordinate  with  respect  to  the 
bunch  center,  6  =  6P/P  is  the  relative  momentum  er¬ 
ror  of  the  particle,  771 , 772,  V3  are  the  linear  and  higher  or¬ 
der  momentum  compaction  parameters.  The  rf  impulse 
Krj  (n  —  1)  due  to  the  two  rf  voltages  is  given  by 


Krf(n  -  1)  =  eVrfie„ — — «n(— zj  +  <t>i)  + 

c 


To(n- 1) 

eVrf2e 

— F0 


Zi  +  <j>2).  (5) 


An  example  of  rf  parameters  that  compensate  the  wake  are 

shown  in  Table  1 .  The  factor  e  ',T>l  in  the  rf  voltages  is 
introduced  to  compensate  for  the  decreasing  beam  intensity 
due  to  muon  decay.  Here,  To  is  the  revolution  period. 


Table  1 :  Rf  parameters  used  in  the  simulation. 


One  cavity 

Two  cavities 

rf  frequency  fr  /  (MHz) 

570 

823  and  399 

harmonic  number(nft) 

570 

823  and  399 

rf  voltage  Vr /  (KV) 

14.1 

4.26  and  12.12 

phase  offset  ^(radian) 

3.55 

3.755  and  3.415 

2.1  Numerical  example  of  the  compensation  of 
the  bunch  wake 

Figs.  1(a)  and  (b)  show  the  beam  phase  space  after  1  turn 
and  1000  turns  in  the  case  that  one  cavity  in  Table  1  has 
been  choosen  to  minimize  the  induced  energy  spread,  re¬ 
spectively.  One  cavity  compensates  for  the  wake  in  the 


center  of  the  bunch.  After  1000  turns,  the  tail  particles  gain 
or  lose  energy  from  the  large  rf  kick  at  the  longitudinal  po¬ 
sitions  where  the  bunch  wake  becomes  small,  as  seen  in 
Fig.  1(b). 

Fig.2(a)  show  the  beam  phase  space  after  1000  turns 
when  two  cavities  in  Table  2  are  applied.  The  beam  dis¬ 
tribution  after  1000  turns  is  not  distorted  by  the  sum  of  the 
rf  voltages  and  the  bunch  wake  and  the  beam  distribution 
remains  intact.  This  can  be  understood  from  examination 
of  Fig.2(b),  where  the  rf  voltage  (curve  (1)),  bunch  wake 
voltage  (curve  (2)),  and  the  resulting  total  voltage  (curve 
(3))  are  plotted  after  1000  turns..  Fig.2(b)  shows  the  can¬ 
cellation  of  the  wake  by  the  rf  voltages.  We  note  that  the 
bunch  wake  in  the  50GeVx50GeV  muon  collider  ring  can 
be  compensated  by  very  low  rf  voltages. 

3  SENSITIVITY  STUDIES 
OF  LONGITUDINAL  DYNAMICS 

3.1  Sensitivity  to  beam  current  and  Z\\/rih 

We  investigated  the  beam  phase  space  with  beam  cur¬ 
rent  varying  from  its  design  value  by  -10%, -5%, +5%  and 
+10%.  The  rf  parameters  are  fixed.  The  energy  spread  has 
increased  roughly  8%  for  variation  of  ±10%,  and  2%  for 
±5  %  after  1000  turns. 

We  also  investigated  the  beam  phase  space  for  variations 
of  the  impedance:  Z\\/nh  =  0.10,  0.50,  0.70  and  1ft. 
Voltages  in  the  rf  cavities  are  varied  proportionally  to  the 
magnitude  of  Z\\/nh ■  The  potential  well  distortion  due  to 
the  bunch  wake  increases  with  Z\\/nu  and  becomes  quite 
noticeable  at  10. 

3.2  Dependence  of  longitudinal  dynamics  on  crs 
andr]i,r]2,r)3 

Fig.3(a)  shows  the  beam  phase  space  with  <r,5=10-3  and 
771=  — 10-2.  When  8'(s)  integrated  over  103  turns  is  small 
compared  to  <Tg,  the  motion  of  a  particle  is  determined  by 
the  magnitude  of  771.  The  large  slippage  dominates  the 
motion  and  leads  to  streaming  in  z  motion,  as  is  seen  in 
Fig.3(a).  Fig.3(b)  shows  the  beam  phase  space  in  the  case 
of  ag=  3xl0~5  and  771=  — 10-2.  In  the  case  of  large  rji, 
and  small  energy  spread,  the  dynamics  is  significantly  more 
complicated,  showing  energy  spread  and  streaming  in  z,  as 
shown  in  Fig.3(b).  In  the  calculations  for  Figs.3,  we  have 
had  772=773=0  and  the  equation  of  motion  is  z'  =  771  <5(s) , 
where  z'  =  and  s  is  distance  traveled  in  the  ring.  The 
resultant  phase  space  after  103  turns  is  summarized  as  a 
function  of  (771,  as)  in  Fig.4.  Regions  (a)  and  (b)  in  Fig.4 
were  covered  in  Figs.(l). 

On  the  other  hand,  the  two  rf  voltages  compensation  re¬ 
duces  the  phase  space  distortions  of  the  beam  for  the  (a), 
(b)  and  (d)  regions  of  Fig.4.  The  motion  in  region  (c)  of 
Fig.4  is  dominated  by  slippage,  and  the  rf  does  not  affect 
the  dynamics.  In  summary,  two  rf  cavities  can  be  used  to 
remove  the  beam  tail  of  region  (b)  of  Fig.4  and  the  energy 
spread  of  region  (d)  of  Fig.4. 
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Longitudinal  dynamics  for  varying  772  and  fixed 
771= — 10— 6  and  772=0  has  been  examined.  The  z'  equation 
includes  a  nonlinear  term,  z'=(r)i  +  7726(s))6(s).  With  two 
rf  cavities  used  to  compensate  the  bunch  wake,  the  energy 
does  not  show  significant  change  after  1000  turns,  and  the 
motion  is  a  nonlinear  streaming  with  the  energies  taken  as 
their  initial  values.  We  see  this  in  Fig.5(a)  with  772=100, 
where  the  energy  spread  of  the  macroparticles  is  basically 
unchanged.  The  nonlinearity  of  the  streaming  is  notice¬ 
able  for  particles  with  772  >  Tji/S(s).  The  behavior  of  the 
phase  space  parameterized  by  772  and  as  is  summarized  in 
Fig.5(b). 

Longitudinal  dynamics  for  varying  773  and  fixed  771=- 
10~6  and  772=0  have  also  been  examined.  The  energy  evo¬ 
lution  is  small  due  to  good  compensation,  and  the  posi¬ 
tion  evolves  according  to  z'  =  (771  +  t}362(s))6(s),  where 
the  energy  can  be  taken  roughly  to  be  fixed  at  its  initial 
value.  The  nonlinear  coefficient  773  becomes  important 
when  773  >  77i/62(s).  One  case  with  773=100  is  shown 
in  Fig.6(a).  The  parameter  space  for  varying  773  and  as 
is  summarized  in  Fig.6(b). 


Figure  1:  Longitudinal  beam  phase  space  at  (a)  turn  1  and 
(b)  turn  1000  when  one  rf  cavity  in  Table  1  is  applied.  The 
tails  of  the  bunch  are  distorted  by  the  partly  compensated 

rf  voltage.  <r$=3xl0-5, 771=  -lxlO-6  and  1^1=0.10. 


Figure  2:  (a)  longitudinal  beam  phase  space  after  1000 
turns  when  two  rf  voltages  in  Table  1  are  applied,  (b)  shows 
voltages  due  to  the  two  rf  cavities  (curve(l)),  the  bunch 
wake  (curve(2)),  and  the  net  voltage  (curve(3))  after  1000 
turns.  The  bunch  wake  is  well-compensated  by  the  two  rf 
cavities.  cr$=3xl0-5, 77^-lxlO"6  and  \Z\\/nh\=0.\Sl. 


Z(cm)  2(cm) 


Figure  3:  The  longitudinal  phase  space  after  1000  turns  for 
different  values  of  as  and  771.  One  rf  voltage  in  Table  1  is 
used  to  compensate  for  the  bunch  wake.  <r^=10-3  and  771= 
-0.01  in  (a);  <Tj=3xl0-5  and  771=  -0.01  in  (b). 


Figure  4:  A  summary  of  the  beam  dynamics  in  as  and  771 
parameter  space.  One  rf  voltage  in  Table  1  is  used  to  com¬ 
pensate  for  bunch  wake.  |Z||/7Z/,|=0.1fi. 


Figure  5:  (a)  the  longitudinal  phase  space  after  1000  turns 
for  772=100.  Two  cavities  are  used  to  compensate  for  bunch 
wake.  771=  -10~6, 773=0,  <T{=3x10~5  and  |Z||Tift/|=0.1O. 
(b)  shows  beam  dynamics  in  the  as  and  772  parameter  space. 
Right  upper  parameter  space  shows  the  beam  streaming. 


\ 


Figure  6:  (a)  the  longitudinal  phase  space  after  1000  turns 
with  773=100.  771=- 10-6, 772=0,  «7-0=lO-3  and  =0.1Q. 
(b)  shows  beam  dynamics  in  the  as  and  773  parameter  space. 
Right  upper  parameter  space  shows  the  beam  streaming. 


4  CONCLUSION 


Longitudinal  motion  in  the  50GeVx50GeV  muon  collider 
ring  is  investigated  with  a  multi-particle  tracking  code.  A 
binning  scheme  is  used  to  enhance  the  computational  effi¬ 
ciency  of  the  simulation  and  muon  decay  is  included.  The 
operation  of  a  ring  with  small  t)i,  so  that  the  synchrotron 
oscillation  is  frozen  during  the  storage  time,  and  with  the 
bunch  wake  compensated  by  two  low  rf  cavities,  is  studied. 

The  longitudinal  dynamics  is  seen  to  be  controllable  with 
proper  choice  of  rf  parameters.  One  cavity  can  be  used  to 
control  the  motion  of  the  core  of  the  bunch,  while  a  second 
controls  the  tails.  We  studied  the  role  played  by  important 
ring  parameters  in  the  longitudinal  dynamics.  Longitudinal 
motion  with  compensation  of  the  wake  was  studied  with 
various  slippage  factors  (771, 772  and  773).  The  sensitivity  of 
the  compensation  scheme  to  variations  in  ring  parameters 
was  examined. 
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Abstract 

The  intense  bunch  which  is  called  for  in  the  muon  col¬ 
lider  design  will  be  subject  to  transverse  instability.  It  has 
been  suggested  that  tune  spread  due  to  BNS  damping  be 
used  to  control  the  instability.  The  transverse  dynamics  in 
a  50GeVx50GeV  muon  collider  ring  is  examined  numer¬ 
ically  using  a  broad-band  impedance.  In  addition  to  the 
BNS  damping,  tune  spreads  due  to  chromaticity,  ampli¬ 
tude  dependent  tune  shift  and  the  beam-beam  interaction 
are  taken  into  account.  It  is  shown  that  each  of  these  tune 
spreads  adequately  stabilize  the  transverse  dynamics. 

1  INTRODUCTION 

The  design  of  a  50  GeV  muon  collider  ring,  from  the  view 
of  collective  effects,  has  some  features  which  need  to  be 
examined.  The  bunch  has  a  large  charge:  iV=4x  1012.  The 
bunch  length  is  long:  az= 13cm.  The  momentum  com¬ 
paction  7?i  is  very  small:  rji  ~  — 10-6:  a  muon  would 
undergo  1  synchrotron  oscillation  in  20000  turns.  Muons 
have  a  very  short  lifetime:  ~  1 . 1  ms  at  50  GeV,  corre¬ 

sponding  to  1000  turns  in  a  ring  with  the  circumference  of 
300  meters.  These  parameters  lead  us  to  careful  analysis 
in  the  ring  operation:  the  intense  bunch  may  cause  insta¬ 
bilities  and  the  very  small  rft  gives  dynamics  similar  to  a 
linac. 


tune  spread  damps  the  transverse  instability  [2].  In  this  pa¬ 
per,  it  is  shown  through  a  numerical  simulation,  that  the 
transverse  instability  is  also  damped  by  tune  spreads  due 
to  chromaticity,  amplitude  dependent  tune  shifts,  and  the 
beam-beam  interaction. 


2  THE  COMPUTATION  OF  THE 
WAKEFIELD  AND  MACROPARTICLE 
EQUATIONS 

The  transverse  wake  generated  by  a  beam  interacting  with 
discontinuities  of  components  in  the  ring  is  approximated 
by  a  broad-band  impedance  with  quality  factor  of  the  order 
of  unity.  The  transverse  wake  function  is  simply  related  to 
the  longitudinal  impedance  [3], 


•  f  oo 

W1(z)  =  - -J  Z1(w)eiw^edw, 


(1) 

(2) 


With  this  definition  and  a  broadband  resonator  model  for 
the  longitudinal  impedance,  the  transverse  wake  function 
Wi(z)  for  the  broad-band  impedance  is  given  by 


Wl{z<Q)  = 


2  cR,ujr 
b2Qw 


eaz/c 


.  uz 

SID - , 

c 


(3) 


This  paper  presents  investigations  on  the  collective  trans¬ 
verse  beam  dynamics  in  a  50GeVx50GeV  muon  collider 
ring.  To  limit  rf,  it  has  been  proposed  to  operate  the 
ring  close  to  the  transition  (??i=-10-6),  such  that  the  syn¬ 
chrotron  motion  is  almost  frozen  over  the  storage  time. 
This  will  require  the  use  of  two  rf  cavities  to  compen¬ 
sate  for  the  energy  spread  induced  through  the  longitudinal 
wakefield[l].  Furthermore,  because  only  a  small  rf  volt¬ 
age  is  required  to  compensate  the  longitudinal  wake,  the 
impedances  of  the  two  rf  cavities  are  negligible  compared 
to  the  ring  impedance.  In  this  paper,  the  transverse  force  on 
the  muons  was  modeled  by  a  broadband  impedance,  cor¬ 
responding  to  an  averaged  wakefield  that  does  not  include 
the  rf  cavities.  The  wakefield  in  the  simulation  is  calculated 
by  using  a  technique,  described  in  Ref.  [1],  where  bins  of 
variable  width  increase  the  accuracy  and  reduce  computing 
time. 

Since  synchrotron  radiation  damping  and  Landau  damp¬ 
ing  are  negligible,  they  do  not  help  in  stabilizing  against 
collective  instabilities.  It  was  previously  shown  that  a  BNS 

*  Work  supportedby  the  U.S.  Department  of  Energy  under  contract  No. 
EDDEFG-03-95ER-40936  and  DE-AC03-76SF00098 


where  a  =  ujr/2 Q  and  w  =  \/w2R  —  a2,  Q-Rs  \JCjL  is 
the  quality  factor,  wr  =  1/ \/LC  is  the  resonant  frequency 
and  Rs  =  C/(2xb)Z\\/nh  is  the  shunt  impedance.  For  the 
broad-band  model,  Q  =  1  and  ur  =  c/b,  where  b  is  the 
vacuum  pipe  radius.  Here  C  is  the  ring  circumference  and 
rih  is  the  harmonic  number. 

The  transverse  equation  of  motion  is 

y"(z,s)  +  (u>l/c2)y(z,s) 

/OO 

dz'p(z')Wi(z  -  z')y{z',s),( 4) 

where  wp  is  the  betatron  frequency,  r0=e2/m^c2,  7  = 
E/m^c2  and  p(z)  is  the  particle  distribution  function. 

Macroparticles  are  tracked  in  phase  space  with  equations 
of  motion  which  include  a  transverse  wake  due  to  a  broad¬ 
band  impedance  and  betatron  oscillation.  Each  macropar¬ 
ticle  i  has  transverse  coordinates  (j/,-,  j/-)  and  is  tracked  for 
1000  turns.  '  =  d/ds,  where  s  measures  distance  around 
the  ring.  The  transverse  dynamics  from  the  betatron  motion 
for  the  ith  macroparticle  on  any  turn  n  are  derived  from  its 
coordinates  on  turn  n  —  1  by: 
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(  Vi(n )  )  _  (  cos(^)  sin(^)  ^  f  Pi(n-l) 
V  2/i(”)  )  \  -sin(^)  cos(^)  j  V  I l,i(n~l) 

(5) 

w/j  =  up„(  1  +  a(y?  +  j42)  +  £6  +  Ai/Bns /vp),  (6) 

where  a(yf(n)  +  ?/-2(n))  is  the  amplitude  dependent  tune 
shift,  £ 6  is  the  tune  spread  due  to  chromaticity  and 
A vbns /vpo  is  the  tune  spread  due  to  BNS  damping.  Here 
a  is  the  nonlinearity  parameter,  (  is  the  chromaticity  and 
S  —  6P/ P  is  the  relative  momentum  error  of  the  particle, 
The  wakefield  force  is  included  by  a  kick: 

c  N  r 

Ay,'(»)  =  E  Y(J)Wi(zi(n)  -  zj(n)),  (7) 

up  Jym 7  j 

where  Y  (J)  is  the  sum  of  the  transverse  displacements  of 
the  macroparticles  in  the  J  bin,  and  zi{n)  —  zj(n)  is  the 
longitudinal  separation  of  the  bins  (z(I)  is  the  average  lon¬ 
gitudinal  position  of  the  particles  in  the  bin  I).  The  ith 
particle  is  in  bin  I.  Also,  Np  is  the  number  of  particles  in 
the  bunch  and  Nm  is  the  number  of  macroparticles. 

We  used  1000  bins  for  20000  macroparticles  in  the  sim¬ 
ulation.  The  numbers  of  bins  and  macroparticles  must  be 
properly  chosen,  as  they  depend  on  ring  parameters  such 
as  the  bunch  length  and  the  radius  of  the  beam  pipe.  The 
initial  coordinates  of  macroparticles  are  chosen  to  have  a 
Gaussian  distribution.  Since  the  beam  intensity  decreases 
due  to  the  muon  decay,  rf  voltage  is  also  varied  in  time.  Rf 
parameters  used  in  the  simulation  is  shown  in  Table- 1. 


Table  1 :  Parameters  of  a  50GeV  collider  ring  and  rf  param¬ 
eters  used  in  the  simulation. 


Beam  energy  ( E ) 

GeV 

50 

Muons  per  bunch  ( N ) 

1012 

2 

Circumference  (C) 

m 

300 

Bunch  length  (cr2) 

cm 

13 

Bunch  energy  spread  (as) 

% 

0.003 

Slippage  factor  (771 ) 

10"6 

-1 

Beam  pipe  radius  (6) 

cm 

3 

Beam-beam  parameter(0 

10-2 

1.5 

RF  energy  (Vrf  ) 

MV 

0.34  and  0.99 

RF  frequency  (fr j ) 

MHz 

823  and  399 

RF  phase-offset  (<t>rj) 

radian 

3.755  and  3.415 

3  BEAM  BREAKUP 


field  driven  by  the  head  of  the  bunch  perturbs  the  tail,  caus¬ 
ing  beam  breakup(BBU)-like  instability.  A  dimensionless 
growth  parameter  that  characterizes  the  BBU  strength  is 

T(z)  =  Nr0W1(z)/2kp1,  (8) 

where  kp  is  the  betatron  wave  number,  and  Wi(z)  = 
dz'Wi(z  —  z')p(z')  is  the  transverse  wake  function  [3]. 

Fig.  1  shows  the  BBU-like  instability  using  a  broad-band 
resonator  model  in  the  absence  of  betatron  tune  spread.  The 
initial  displacement  of  the  beam  (Ay)  is  0.2cm.  The  trans¬ 
verse  motion  shows  unstable  although  there  is  not  much 
growth.  The  growth  can  be  damped  due  to  betatron  tune 
spreads,  as  discussed  below. 


Figure  1 :  Blowup  of  the  rms  beam  size,  due  to  a  BBU-like 
instability.  In  Figs.1-3  and  5-6,  #,=130000,  Ay=0.2cm 
and  ^=28.816. 


4  DAMPING  OF  BEAM  BREAKUP  BY 
BETATRON  TUNE  SPREADS 


4.1  BNS  damping 

The  BNS  damping  can  be  obtained  by  introducing  a 
slightly  stronger  betatron  focusing  of  bunch  tail  than  bunch 
head  [3],  A  slightly  different  focusing  strength  for  the 
bunch  tail  can  eliminate  the  beam  breakup.  This  happens 
because  the  additional  focusing  force  compensate  for  the 
defocusing  dipole  deflection  due  to  the  wake  field  left  be¬ 
hind  by  the  bunch  head.  The  tune  spread  is  defined  by 


up  —  wla0(  1  + 


A  vbns 
VP 


), 


(9) 


Sl'BNS 


z')p{z')dz', 


GO) 


where  kp  is  the  betatron  wave  number.  Fig.(2)  shows  that 
the  BBU-like  instability  is  stabilized  by  BNS  damping.  The 
simulation  (in  runs  not  shown)  indicates  that  BNS  damp¬ 
ing  more  effective  when  bunch  length  is  small  compared 
to  beam  pipe  radius.  Fig.(3)  shows  the  BNS  tune  spread 
which  is  applied  in  the  longitudinal  positions  of  the  beam 
to  satisfy  Eq.(10).  Fig.(4)  separates  parameter  regions  of 
beam  pipe  radius  and  shunt  impedance!#,)  according  to 
the  appearance  of  a  BBU-like  instability. 


Due  to  the  very  small  slippage  factor(r;1=— 10-6),  the  syn¬ 
chrotron  motion  is  frozen  in  the  storage  time  and  transverse 
dynamics  is  similar  to  that  in  a  linac.  In  the  case  that  a 
beam  is  not  centered  in  the  beam  pipe,  the  transverse  wake 


4.2  Tune  spread  due  to  chromaticity 

The  betatron  oscillation  frequency  of  a  particle  in  ring  de¬ 
pends  on  the  energy  error  6  of  the  particle.  If  we  denote 
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betatron  frequency  of  an  on-momentum  particle  as  up0, 
the  betatron  frequency  for  an  off-momentum  particle  can 
be  written  as  up(8)  =  wp0(  1  +  £6).  Fig.(5)  shows  that 
tune  spread  from  chromaticity  stabilizes  the  motion. 


Figure  2:  Rms  beam  size  when  there  is  a  BNS  tune  spread. 


Figure  3:  Maginitudes  of  the  BNS  tune  variation  with  lon¬ 
gitudinal  position. 

140001-  - . ' . . . . . . . . . 

t  Beam  Breakup- like ,^=38.8 16  : 

f  Instability''^  ^  : 

-  v=28.816 

f  _ _  v=18.816 

L  No  Beam  Breakup- like  : 

[  instability 

0  t  ■  t.*-,  . ...--..L 

1  2  3 

Beam  pipe  radius  (cm) 

Figure  4:  Parameter  regions  for  various  tunes,  v,  as  a  func¬ 
tion  of  pipe  radius  and  shunt  impedance(i?3). 

4.3  Amplitude  dependent  tune  shift 

We  consider  the  case  when  the  tune  spread  is  associated 
with  the  lattice  nonlinearity.  The  amplitude  dependent  tune 
shift  is  defined  by  uip  =  u>p0(l  -(-  aJ ),  where  u>p0  is  the 
betatron  frequency  at  zero  betatron  amplitude,  J  =  y2+y12 
is  the  amplitude  of  the  betatron  oscillation  of  a  particle. 
The  tune  spread  in  a  beam  may  be  caused  by  the  amplitude 
dependent  tune  shift  since  the  beam  has  a  distribution  in 
amplitude.  Fig.(6)  shows  the  stabilized  motion  when  there 
is  an  amplitude  dependent  tune  shift. 

4.4  Beam-beam  interaction 

We  use  a  round  beam  model  to  study  beam-beam  effects. 
The  beam-beam  kick  is  calculated  by  using  a  weak-strong 
model.  A  macroparticle  is  kicked  at  interaction  point(IP) 
as 

Ay  =  0,  Af  =  87r<eN  *  (1  -  (11) 

7  V2y 


where  £=5^7  is  the  beam-beam  parameter  and  ejv  is  the 
normalized  emittance.  A  beam-beam  parameter  greater 
than  £=0.035  damps  the  transverse  instability. 

Since  a  50  GeV  muon  beam  has  very  small  energy  spread 
and  long  bunch  length,  in  addition  to  the  transverse  kick, 
the  model  of  the  beam-beam  interaction  should  include  en¬ 
ergy  change  caused  by  the  opposing  bunch  at  the  IP  [4,  5], 
Our  simulation  predicts  a  factor  of  4.6  increase  in  the  en¬ 
ergy  spread  after  1000  turns.  This  is  easily  compensated 
for  by  rf,  as  will  be  presented  in  a  later  publication. 


Figure  5:  Rms  beam  size  when  there  is  tune  spread  due  to 
the  chromaticity,  £=-2. 


Figure  6:  Rms  beam  size  when  there  is  the  amplitude  de¬ 
pendent  tune  shift,  a=10-4. 

5  CONCLUSIONS 

The  transverse  instability  of  a  bunch  with  a  small  rji  and 
strong  wake  fields  is  seen  to  be  BBU-like  and  can  be  stabi¬ 
lized  by  betatron  tune  spreads.  BNS  damping,  chromatic¬ 
ity,  amplitude  dependent  tune  shift  and  beam-beam  param¬ 
eter  greater  than  £=0.035  all  cause  betatron  tune  spreads 
and  each  provide  adequate  Landau  damping  against  the 
transverse  instability  for  parameters  of  the  50GeV  x  50GeV 
muon  collider  ring. 
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Abstract 

Transverse  instabilities  in  linacs  can  be  controlled  by  BNS 
damping,  in  which  the  transverse  oscillation  frequency  is 
chirped  from  the  head  to  the  tail  of  the  bunch.  It  has  been 
suggested  that  this  technique  could  be  applied  to  quasi- 
isochronous  rings,  such  as  are  proposed  for  a  muon  col¬ 
lider.  We  adopt  a  reduced  phase  space  model,  taking  aver¬ 
ages  over  transverse  coordinates  and  with  proscribed  lon¬ 
gitudinal  synchrotron  motion,  to  study  the  growth  of  trans¬ 
verse  displacements  of  a  bunch  in  the  presence  of  synchro¬ 
tron  oscillations. 

1  MOTIVATION 

Proposed  parameters  for  muon  collider  require  transverse 
emittances  to  be  very  small.  Muons  do  not  have  significant 
cooling  from  synchrotron  radiation;  in  addition,  very  low 
momentum  compaction  factors  will  be  used  to  limit  the  RF 
requirements.  For  these  reasons,  coherent  ring  instabilities 
need  to  be  investigated  in  parameter  regimes  different  from 
present-day  accelerators  and  may  require  new  techniques  to 
control  them.  The  beam  dynamics  resembles  linac  physics; 
however,  total  storage  time  in  a  2Tev  x  2Tev  muon  col¬ 
lider  will  be  comparable  to  the  synchrotron  period  so  the 
longitudinal  motion  of  the  particles  cannot  be  neglected. 
In  addition,  collider  designs  may  require  beams  to  be  very 
precisely  targeted,  a  condition  which  will  be  increasingly 
difficult  to  achieve  as  the  emittance  of  the  beam  is  made 
smaller. 

2  FORMALISM 

This  work  considers  a  simplified  formalism  for  the  analysis 
of  transverse  instabilities.  Key  features  of  this  formalism 
are  the  use  of  a  reduced  phase  space,  with  only  longitudinal 
coordinates,  and  suppression  of  time  scales  shorter  than  the 
synchrotron  period  and  instability  growth  time.  The  trans¬ 
verse  displacement  of  the  beam  is  described  in  terms  of  a 
complex  amplitude  which  isolates  the  dipole  moment,  al¬ 
though  this  can  be  generalized  to  higher  order  modes. 

The  dynamic  variables  for  individual  particles  are  z,5,  y, 
and  py.  Instead  of  time,  the  variable  s  is  used,  representing 
distance  travelled  in  the  ring.  The  quantity  S  =  A  P/P  is 
the  normalized  momentum  deviation,  and  py  is  the  trans¬ 
verse  angle  dy/ds.  The  equations  of  motion  can  be  sum¬ 
marized  as 

z'  =  -rjS,  S'  =  zu2/r]c2 

y '  =  Py,  Py  =  -Ky  +  Fw  (1) 

*  Supported  by  the  U.S.  DoE  under  grant  No.  DEFG-03-95ER-40936. 


The  synchrotron  frequency  u>3  is  taken  to  be  constant, 
whereas  K  =  uj^/c2  is  allowed  to  vary.  The  forcing  term 
Fw  is  from  the  wakefield  generated  collectively  by  the 
particle  bunch.  Here,  the  symbol '  refers  to  differentiation 
with  respect  to  s.  We  assume  u>3  <C  uip. 

We  now  define  the  complex  transverse  amplitude  of  a 
single  particle.  When  there  is  no  wakefield  forcing  term, 
the  particle  dynamics  are  given  by 

y  =  Me  -jp e •*,  py  =  3te  ~=  +  i/?')  Ae‘* 

(2) 

Here,  A  is  a  constant,  complex  amplitude,  $  is  a  phase 
which  satisfies  $'  =  1  j(i,  and  the  beta  function  satisfies 
the  standard  equation 

2/3/3"  -  (P'f  4-  4fl2K  =  4.  (3) 

When  Fw  ¥=  0.  Eqs.  1  and  2  can  still  be  used  to  describe 
A  and  its  evolution: 

A\/P  el*  =  y-  i(/3y'  -  /3'y/2)  (4) 

-^AV*  =  y"  +  Ky  =  Fw.  (5) 

Note  that  the  wake  must  be  expressed  in  terms  of  A. 

Collective  dynamics  are  described  by  the  Vlasov  equa¬ 
tion,  /'  =  Df/Ds  =  0,  where  f(y,py,  z,  S,  s )  is  the  phase 
space  density  and  D/Ds  is  the  convective  derivative.  Tak¬ 
ing  K  =  K(s,z,S)  to  be  independent  of  the  transverse 
coordinates,  we  form  moments  of  the  Vlasov  equation  by 
integrating  over  the  coordinates  y  and  py.  This  yields  equa¬ 
tions  in  a  reduced  phase  space,  with  reduced  density 

F(z,  6,  s)  =  J  dy  dpy  f, 

so  0  =  F'  =  [d/ds  —  rjSd/dz  +  (zu>2  /r]c2)d/d5]F. 

The  “average”  transverse  displacement  Y  is  defined  by 

Y(z,6,s)  =  dydpyyf 

Note  the  linear  number  density  is  p(z)  =  f  dS  F.  The 
equation  Y  satisfies  is 

Y"  +  KY  =  Fw, 

where  Fw  is  now  the  wakefield  force  from  the  dipole  mo¬ 
ment  of  the  beam.  We  next  define  a  collective  oscillation 
amplitude  A  in  terms  of  Y  and  Y',  in  exactly  the  same  way 
as  for  a  single  particle,  and  average  over  betatron  oscilla¬ 
tions. 
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3  SUPPRESSION  OF  FAST  TIME 
SCALES 

The  complex  amplitude  satisfies 

A'  =  J  dz  W(z  -z)  J  d8  yjpjd  F 

[i  +  A*  e-i(4+4>)]  (6) 

where  the  m  =  1  Wakefield  forcing  term  has  been  ex¬ 
pressed  as 

Fw(z)  =  J  dz  W(z  -z)  j  dS  YF.  (7) 

Here  "  refers  to  quantities  evaluated  at  z,  8,  and  W  refers  to 
the  wakefield  function  integrated  along  the  ring.  The  A  and 
A*  terms  arise  from  the  real  part  of  Aexp(i$).  Note  that 
$  -  $  is  a  slowly  varying  quantity,  because  the  difference  in 
phase  only  arises  from  effects  like  chromaticity.  However, 
the  term  proportional  to  A*  is  rapidly  oscillating  and  will 
not  contribute  to  the  long-term  evolution  of  the  bunch. 

An  average  over  one  turn  results  in 

where  wpo  is  a  normalization  related  to  an  “average”  beta 
function,  and  the  head-tail  phase  averaged  over  a  turn  is 

<*)  =  j-  ds  [$(s,  2,  S )  -  $(s,  0, 0)] 

Equivalently, 

*'(*,*)  =  ffS> 

C  v^/ 

where  Q  is  the  total  tune  of  the  ring  for  the  reference  orbit, 
and  we  defined  ujp o  =  2-kQc/L. 

In  going  from  Eq.  6  to  Eq.  8,  we  integrated  the  product 
of  the  wakefield  function  and  the  beta  function  around  the 
ring.  Thus,  it  is  clear  that  the  “total”  wakefield  function  is 
actually  weighted  by  the  beta  function;  the  local  value  of 
(3W (z  —  z)  is  replaced  by  (c/ujpofW (z  —  z)  to  smooth  out 
the  driving  term  over  a  single  turn.  Finally,  we  are  left  with 
quantities  that  only  vary  with  the  synchrotron  period  and 
the  growth  time. 


4  HEAD-TAIL  PHASE 


We  consider  tune  shifts  A<3  from  chromaticities  £,  and 
BNS-like  terms  k  z,  (e.g.,  induced  by  RF  quadrupoles)[l], 
that  can  vary  across  the  bunch.  Explicitly, 

A  Q  z 

-£-^So5  +  ti—6  +  Kz. 

Q  cr2 

The  head-tail  phase  is  then  given  by 


^  =  — Xo - +  Xbns — 


where  az  and  as  are  the  characteristic  longitudinal  di¬ 
mensions  of  the  bunch.  Here,  xo,i  =  ^00^0,1^2 /vc  and 
XBNS  =  UJfJOVCKas/lZ^. 


4. 1  Unified  treatment  of  detuning 

Incorporating  the  effect  of  tune  shifts  into  an  overall  head- 
tail  phase  allows  for  a  unified  treatment  of  ring  dynamics, 
including  chromaticity,  variable  focussing,  and  more  gen¬ 
eral  longitudinal  dynamics.  Aspects  of  the  beam  which 
cannot  be  directly  modelled  in  this  way  are  transverse  amp¬ 
litude  dependent  tune  shifts,  and  coupling  between  longit¬ 
udinal  and  transverse  motion. 

If  we  consider  the  weak  beam  limit  where  the  synchro¬ 
tron  motion  is  the  dominant  effect,  it  is  useful  to  use  the 
longitudinal  coordinates  rz,  <f>z,  where  z  =  rz  cos  <f>z, 
5  =  {uj sr z/r}c)  sin  4>z.  The  longitudinal  amplitude  r2  is 
a  constant  of  the  motion,  and  the  convective  time  derivat¬ 
ive  can  be  expressed  as  D/Ds  =  d/ds  +  (u>s/c)d/d<j)z. 
In  the  weak  beam  limit,  modes  having  the  form  A  = 
An{rz)ein't’*  are  only  weakly  coupled.  For  an  “air-bag” 
beam  model,  where  all  of  the  particles  have  the  same  lon¬ 
gitudinal  amplitude,  the  mode  frequency  satisfies  the  equa¬ 
tion 

U!i  -iu)s  =  -  - ~  #2  y  #2  W{z-  z)el^~^ 

(9) 

Without  the  head-tail  phase,  the  wakefield  only  generates  a 
frequency  shift,  and  there  is  no  instability  until  the  modes 
strongly  couple.  This  corresponds  to  the  strong  head-tail 
instability.  However,  when  there  is  a  head-tail  phase,  for 
example  from  chromaticity  (£0  f  0),  we  recover  the  weak 
head-tail  instability [2]. 

4.2  Parity  of  the  head-tail  phase 

In  general,  the  effect  of  the  head- tail  phase  depends 
strongly  on  the  parity  of  the  phase  with  respect  to  the  en¬ 
ergy  deviation  8.  Because  the  unperturbed  beam  is  sym¬ 
metric  in  5,  a  perturbation  which  is  odd  in  energy  will  give 
no  net  contribution  to  the  wakefield.  To  lowest  order  in 
beam  intensity,  a  head-tail  phase  which  is  odd  in  5  will  only 
couple  with  odd  modes  and  so  will  not  lead  to  instability. 
We  can  see  this  explicity  by  dividing  the  head-tail  phase 
into  even  and  odd  parts,  \I>  =  ?'e  +  ^0.  Then  as  an  ex¬ 
ample,  Eq.  9  can  be  rewritten  as 

d(f>z  j>  d4>z  W(z  —  z) 
x  cos  o  cos  exp —  i^e)  (10) 

The  growth  rate  depends  on  sin(^e  —  \ke),  and  there  is 
only  a  weak  beam  instability  if  the  head-tail  phase  has  a 
term  which  is  even  in  8.  Thus,  chromaticity  can  lead  to 
instability  whereas  variable  focussing  across  the  bunch  is 
not  by  itself  destabilizing.  This  suggests  that  bunch  sta¬ 
bilization  through  varying  chromaticity,  as  considered  in 
Ref.  [3],  requires  a  larger  tune  shift  across  the  bunch  than 
through  BNS  damping.  On  the  other  hand,  a  time-varying 
chromaticity  £o(s)  would  introduce  an  odd  component  into 
the  head-tail  phase  and  should  have  a  different  effect  on  the 
beam. 


—  iu)s 
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5  NUMERICAL  RESULTS 

Here,  we  evaluate  linear  growth  rates  for  a  weak  beam.  A 
broadband  impedance  model  is  used  for  the  wakefield: 

W(z  <  0)  =  Wo  exp  sin  9^  sin  cos  o'j 

(li) 

where  ojr  =  c/b.  The  simplest  model  might  use  b  equal  to 
the  pipe  radius,  0  =  7t/6,  and  Wo  =  WirRc/nocb2,  where 
Ro  is  related  to  the  shunt  impedance. 

Growth  rates  normalized  to  are 

shown  in  Fig.  1  as  a  function  of  <tzc/u)r,  for  the  case  where 
£o  =  0.1.  The  lowest  harmonics  are  shown.  When  <rz  < 
c/lor,  the  broadband  impedance  model  is  qualitatively 
similar  to  the  approximation  of  a  constant  wakefield[2] 
where  the  sign  of  the  growth  rate  for  the  n  =  0  mode  is 
opposite  to  that  of  all  other  modes. 

We  now  fix  <rz/b  =  13/3.  In  Fig.  2,  we  consider  a  linear 
dependence  in  tune  as  a  simple  form  of  BNS  damping,  and 
compare  it  to  a  varying  chromaticity.  Both  effects  are  taken 
to  induce  comparable  tune  shifts  Atop  ~  uis. 


Figure  1:  Normalized  growth  rates  for  xo  =  0.1  as  a  func¬ 
tion  of  (Jz/b.  The  lowest  harmonics  are  shown. 


6  LINAC  MODEL 


Figure  2:  Normalized  growth  rates  as  a  function  of  xo 
for  the  lowest  harmonic.  Chromaticity  alone,  variable 
chromaticity  with  xi  =  1.  and  BNS-like  chirping  with 
Xbns  =  1  are  shown. 


in  the  strong  beam  limit  adding  to  3fm  Z  causes  mixing  of 
modes  and  can  actually  lower  instability.  For  accelerators 
with  intense  beams,  modifying  the  form  of  the  impedance 
can  be  another  way  to  stabilize  the  beam. 

7  CONCLUSIONS 

A  formalism  for  treating  transverse  instabilities  has  been 
used  to  unify  a  wide  range  of  physical  effects  on  a  beam, 
including  variable  chromaticity  and  BNS  damping.  The 
phase  space  has  been  reduced  from  four  to  two  dimensions. 
The  weak  beam  case  reduces  to  the  standard  head-tail  in¬ 
stability  in  a  circular  accelerator,  while  a  strong  beam  with 
low  slip  factor  is  similar  in  form  to  beam  dynamics  in  a 
linac. 

Future  work  will  focus  on  regimes  where  linac  and  ring 
physics  have  similarities,  such  as  muon  colliders.  This  ana¬ 
lysis  can  be  compared  with  existing  numerical  studies[4] 
for  instabilities  in  a  muon  ring.  In  addition,  the  maximum 
displacement  of  the  beam  from  wakefield  forces  can  be  cal¬ 
culated  more  efficiently  in  a  reduced  phase  space,  and  ad¬ 
aptations  of  BNS  damping  evaluated  on  this  basis. 


When  the  slip  factor  r]  is  small,  then  the  transverse  dy¬ 
namics  become  similar  to  the  case  of  a  linac.  As  a  ba¬ 
sic  example,  when  $  is  independent  of  energy  (e.g.,  chro¬ 
maticity  effects),  then  we  can  define  a  local  amplitude 
A  —  f  dS  FA  which  satisfies 

dAgs’S)  J dzW(z-z)A(z,s)ei^-i^z) 

/3°  (12) 
This  can  be  solved  recursively  to  find  the  evolution  of  the 
beam,  yielding  the  solution  found  in  Ref.  [2]  when  \P  = 
0.  When  expressed  in  terms  of  the  impedance  Z,  the  time 
evolution  operator  has  different  contributions  from  the  real 
and  imaginary  parts.  While  the  real  part  leads  to  instability, 
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Abstract 

The  last  stage  of  ionization  cooling  for  the  muon  collider 
requires  a  multistage  liquid  lithium  lens.  This  system 
uses  a  large  (-0.5  MA)  pulsed  current  through  liquid 
lithium  to  focus  the  beam  while  energy  loss  in  the 
lithium  removes  momentum  which  will  be  replaced  by 
linacs.  The  beam  optics  are  designed  to  maximize  the  6 
dimensional  transmission  from  one  lens  to  the  next  while 
minimizing  emittance  growth.  The  mechanical  design  of 
the  lithium  vessel  is  constrained  by  a  pressure  pulse  due 
to  sudden  ohmic  heating,  and  the  resulting  stress  on  the 
Be  window.  We  describe  beam  optics,  the  liquid  lithium 
pressure  vessel,  pump  options,  power  supplies,  as  well  as 
the  overall  optimization  of  the  system. 


1  INTRODUCTION 


The  muon  collider  is  being  studied  as  a  way  of  looking  at 
particle  interactions  at  the  energy  ffontier[l].  The  event 
rate  in  such  a  machine  is  goes  like  e1,  so  the  muon 
emittance,  e ,  must  be  minimized. 

An  attractive  configuration  for  final  stages  of  p 
cooling  is  obtained  by  passing  the  beam  though  a 
conducting  light  metal  rod  which  acts  simultaneously  as  a 
focusing  element  and  as  an  energy  loss  absorber.  The 
magnetic  field  produced  is  given  by  Be(r)  =p0ir/2,  where  i 
is  the  current  density,  r  the  radius  and  p0  the  permeability 
constant.  This  azimuthal  magnetic  field  combined  with 
the  longitudinal  velocity  produces  a  radial  focusing  force 
with  the  equation  of  motion,  d2r/ds2  +  B’r/Bp  =  0.  The 
beta  function  for  a  Li  lens  is  then  /?±  =  (2?p/B’)l/2oc(p/i)1/2, 
where  the  field  gradient,  B’,  can  be  very  large.  For  a  lens 
with  rmax  =  2  mm  and  the  muon  momentum  in  the  lens,  p 
=  300  MeV/c,  one  can  achieve  /Jx  =  1  cm,  which  is 
difficult  to  achieve  with  solenoidal  focusing  systems. 

Multiple  scattering  sets  a  lower  limit  to  the  emittance 
that  can  be  obtained  using  this  method.  This  limit  is  the 
equilibrium  emittance,  where  ionization  cooling  is 
balanced  by  multiple  scattering, 


0.0142/} , 


eq,N  2pmc2  LRdE/dx 


=  0±C/j3=c(p/O1/2C/j3, 


where  Lr  is  the  radiation  length,  dE/dx  is  the  energy  loss, 
j8,  and  m  are  the  relativistic,  velocity  and  muon  mass,  and 


constant  C  depends  on  the  material.  For  Hydrogen, 
Lithium  and  Beryllium  this  constant  is  42,  79  and  103 
mm-mr/cm  respectively.  Thus  the  lowest  emittances  are 
obtained  with  low  momenta,  high  current  densities,  and 
low  Z  materials.  The  lower  momentum  limit  is 
determined  by  the  muon  velocity  spread  and  the  slope  of 
dEldx  at  low  momentum,  both  of  which  increase  the 
emittance. 

For  muon  cooling,  relatively  long  lengths  are  needed 
to  obtain  large  energy  losses  (total  loss  should  be  a  few 
hundred  MeV,  at  dE/dx  ~  87.5  MeV/m),  and  the  high 
ohmic  power  deposition  assiciated  with  higher  frequency 
operation  would  melt  the  Li. 

A  complete  Lithium  lens  system  would  consist  of  a 
number  of  lithium  lenses,  matching  optics  required  to 
transmit  the  beam  from  one  lens  to  another  and  linacs 
used  to  replace  the  momentum  lost  by  ionization.  Since 
the  performance  of  the  muon  collider  is  related  to  the 
current  density  in  the  lithium  lens,  one  must  look  at  the 
structural  and  mechanical  limits  of  the  design  of  the  lens. 

The  present  plan  is  to  produce  a  conceptual  design  of 
lenses  with  r  =  0.5  cm,  Bmm  =  15  &  20  T,  L  =  1  m  for 
testing  as  part  of  the  MUCOOL  experiment^] 

2  THE  PRESSURE  PULSE 

The  lithium  lens  is  powered  by  a  capacitor  bank  which 
produces  a  voltage  proportional  to  a  half  cosine  wave 
which  produces  a  half  sine  wave  current  pulse.  The  length 
of  the  current  pulse,  r,  must  be  sufficient  to  allow  the 
current  to  penetrate  the  lens  uniformly.  The  skin  depth  8 
is  proportional  to  (pLj  r)1/2,  for  resistivity,  pLi,  of  Lithium, 
(which  melts  at  180  °C). 


Figure  1,  Resistivity  of  Lithium. 
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The  ohmic  power  produces  heating,  thermal  expansion, 
and  subsequently  pressure  pulses  which  will  ultimately 
limit  the  performance  of  the  lens.  Power  deposited  in  the 
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lithium  must  be  removed  by  circulating  it,  and  we  assume 
this  would  be  done  at  the  beam  repetition  rate. 

The  lithium  lens  can  be  modeled  as  a  cylindrical  tube 
of  internal  radius  4.5  mm  contained  in  a  thin  steel  shell 
0.5  mm  thick.  In  this  example,  0.5  MA  is  drawn  through 
the  lens  by  a  voltage  pulse  which  is  a  half  sine  wave  50 
/is  long.  The  hydrodynamic  equations,  as  well  as  the 
response  of  the  envelope  are  considered  in  the  HEIGHTS 
package  [3].  Lithium  is  heated  by  Joule  heating  as  well 
as  energy  loss  from  the  muon  beam,  which  is  introduced 
25  ps  into  the  50  (is  pulse,  producing  a  discontinuity  in 
the  temperature.  The  temperature  pulse  is  shown  in  Figure 
3. 


Figure  3.  The  temperature  profile  of  the  center  and  edge  of 
the  lens,  showing  the  contribution  from  the  muon  beam 
at  the  center.  The  edge  heats  first,  and  the  shell  stays 
cooler  due  to  the  higher  specific  heat 


The  stress  and  strain  generated  by  the  pressure  pulse, 
and  the  expansion  of  the  Li  is  shown  in  Figure  4  for  a 
current  of  0.5  MA.  The  initial  compression  due  to  the 
magnetic  field  pressure  is  followed  by  the  expansion  due 
to  the  heating  of  the  Li. 


Time,  Us 

Figure  4.  The  pressure  pulse  in  the  lens. 


3  THE  PRESSURE  VESSEL 


There  are  a  number  of  severe  requirements  on  the  pressure 
vessel  holding  the  liquid  Lithium.  The  pressure  vessel 
must  confine  the  liquid  lithium  flowing  through  it  while 
requiring  the  pulsed  current  to  pass  longitudinally  down 
the  Lithium.  The  large  pressure  pulses  must  be  supported 
without  exceeding  fatigue  limits,  and  the  insulators, 
which  confine  the  electrical  current,  must  survive  the  large 
mechanical  shocks.  The  emittance  of  the  muon  beams 


must  be  increasedas  little  as  possible  by  the  structure  and 
the  windows,  which  must  be  thin  Beryllium. 

Two  options  are  under  consideration  for  the  pressure 
vessel  itself,  one  which  would  absorb  as  much  of  the 
pressure  pulse  as  possible  radially,  the  other  would 
provide  a  solid  surface  which  would  direct  the  pressure 
pulse  down  the  length,  and  utilize  a  buffer  volume  at  the 
ends  of  the  lens  to  absorb  the  increased  volume  of 
Lithium  [4], [5]. 

Pumping  the  liquid  Lithium  has  been  studied  using 
two  techniques:  electromagnetic  pumps,  which  have  been 
used  with  great  success  at  BINP,  and  centrifugal  pumps, 
which  have  been  used  for  years  atANL  after  modification. 
Either  designs  might  be  modified  to  be  more  compatible 
with  the  large  pressure  pulses  from  the  lens. 

4  BEAM  OPTICS  BETWEEN  LENSES 

Because  the  energy  loss  required  for  cooling  muons  is 
greater  than  that  providedby  a  single  lens,  a  number  of  Li 
Lenses  are  required.  The  beam  must  be  reacceleratedand 
transported  between  lenses  with  minimum  loss  [6]  [7].  In 
addition,  periodic  £L  — »  eT  emittance  exchange  sections  are 
required  to  confine  and  cool  the  beam  longitudinally. 
Modulation  of  the  beam  envelope  is  unavoidable  in  such  a 
section  because  the  Li  lens  provides  a  stronger  focusing 
force  than  any  other  component.  This  modulation  leads  to 
significant  chromatic  effects  which  increase  eT.  It  is  not 
possible  to  use  dispersion  and  sextupoles  to  control  this 
modulation  because  of  attendant  nonlinear  effects. 

The  chromatic  effects  can  be  attenuated  to  tolerable 
levels  by  varying  the  energy  deviation,  AE,  along  the 
length  of  the  beamline.  This  is  done  by  requiring  a 
synchrotron  phase  advanceof  at  least  n.  When  this  phase 
advanceis  used,  each  particle  traverses  approximately  half 
the  beamline  below  the  median  energy  and  half  above  it, 
thus  averaging  the  chromatic  contributions  to  zero.  This 
requires  at  about  5  m  of  linac,  with  a  frequency  f  =  805 
MHz,  and  30  MV/m  gradients.  At  high  momenta, 
approximately  p  =  300  MeV/c,  this  works  comparatively 
well  because  AE  °=  A p,  but  at  lower  momenta 
nonlinearities  are  more  significant. 

Emittance  exchange  is  another  problem,  since  the 
energy  spreadof  the  beam  is  large.  Lower  energy  particles 
tend  to  lose  more  energy  due  to  ionization,  and  straggling 
widens  the  energy  distribution  of  the  beam,  both  effects 
increase  the  longitudinal  emittance.  The  emittance 
exchange  systems  consist  of  an  element  which  produces 
dispersion,  combined  with  wedge  absorbers  which  reduce 
the  energy  spreadof  the  beam.  We  are  primarily  looking 
at  bent  solenoids  to  provide  the  momentum  dispersion. 
The  emittance  exchange  should  be  done  at  the  end  of  the 
transport  section  to  avoid  complicating  the  chromatic 
matching[7]. 

The  proposed  system  which  accomplishes  these  goals 
consists  of  a  strong  solenoid  to  match  the  strongly 
divergent  beam  coming  out  of  the  Li  lens,  followed  by  a 
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weaker  solenoid  containing  a  linac  section.  If  the  solenoid 
is  bent,  the  dispersion  is  sufficient  to  do  the  emittance 
exchange  with  wedges.  At  the  end  of  the  section  is 
another  strong  solenoid  which  focuses  the  beam  on  the 
input  of  the  next  Li  lens.  The  long  solenoid  has  a  field  of 
3.1  T,  and  the  short  solenoids,  used  to  match  to  the 
Lithium  lens,  have  a  field  of  about  12-20  T.  The  total 
length  of  the  section  is  about  10  -  12  m.  The  optics  of 
this  system  and  more  detailed  information  about  its 
components  are  described  elsewhere  [6][7][8]. 

Studies  are  being  made  to  determine  the  optimum  cooling 
energy  [8].  Although  lower  momentum  seems  desirable, 
this  seems  to  involve  shorter  Li  absorbers  and  more 
tightly  constrained  beam  optics. 

5  CONTAINMENT  AND  SAFETY 

Although  liquid  Lithium  freezes  at  fairly  high 
temperatures,  it  is  reactive  and  should  be  confined.  The 
lens  under  construction  at  BINP  for  Fermilab  uses  an 
outer  vacuum  system  filled  with  Argon  to  isolate  the  Li 
system  from  the  environment. 

7  CONCLUSIONS 

The  design  of  the  liquid  lithium  lens  involves  both 
mechanical  and  electrical  issues  associated  with  the 
pressure  vessel  as  well  as  beam  optics  considerations 
related  to  the  transport  lines  between  lenses.  The 
mechanical  problems  are  dominated  by  the  requirements  of 
coping  with  the  very  large  pressure  pulse  produced  by 
Joule  and  beam  heating  of  the  liquid  lithium.  The  design 
of  the  beam  optics  is  concerned  with  the  efficient  transport 
of  large  six  dimensional  emittance  beams  between  the 
small  lenses.  A  liquid  Lithium  lens  is  being  constructed 
and  the  problems  are  going  to  be  the  subject  of  an 
experimental  program. 
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Abstract 

Two  modes  are  being  considered  for  a  50  on  50-GeV  muon 
collider:  one  being  a  high-luminosity  ring  with  broad  mo¬ 
mentum  acceptance  (dp/p  of  ~  0.12%,  rms)  and  the  other 
lower  luminosity  with  narrow  momentum  acceptance  (dp/p 
of  ~  0.003%,  rms).  To  reach  the  design  luminosities,  the 
value  of  beta  at  collision  in  the  two  rings  must  be  4  cm  and 
13  cm,  respectively.  In  addition,  the  bunch  length  must  be 
held  comparable  to  the  value  of  the  collision  beta  to  avoid 
luminosity  dilution  due  to  the  hour-glass  effect.  To  assist 
the  rf  system  in  preventing  the  bunch  from  spreading  in 
time,  the  constraint  of  isochronicity  is  also  imposed  on  the 
lattice.  Finally,  the  circumference  must  be  kept  as  small  as 
possible  to  minimize  luminosity  degradation  due  to  muon 
decay.  Two  lattice  designs  will  be  presented  which  meet  all 
of  these  conditions.  Furthermore,  the  lattice  designs  have 
been  successfully  merged  into  one  physical  ring  with  mu¬ 
tual  components;  the  only  difference  being  a  short  chicane 
required  to  match  dispersion  and  floor  coordinates  from  one 
lattice  into  the  other. 

1  INTRODUCTION 

After  one  n+  bunch  and  one  n~  bunch  have  been  acceler¬ 
ated  to  collision  energy,  the  two  bunches  are  injected  into 
the  collider  ring,  which  is  a  fixed-field  storage  ring.  Col¬ 
lider  ring  lattices  have  been  developed  for  two  of  the  colli¬ 
sion  energies  in  this  table:  100  GeV[l]  and  3  TeV[2]  in  the 
center  of  mass.  In  addition,  a  preliminary  interaction  region 
for  a  500  GeV  lattice  has  been  designed. 

Three  operational  modes  are  proposed  in  the  above  ta¬ 
ble  for  the  100-GeV  collider,  each  requiring  a  different  ma¬ 
chine  optics.  The  following  sections  discuss  a  100-GeV 
collider  lattice  for  two  of  the  modes,  the  broad  momentum 
(dp/p  of  0.12%,  rms)  application  and  the  monochromatic 
mode  (dp/p  of 0.003%,  as  well  as  comparison  with  a  3-TeV 
collider  lattice. 

2  COLLIDER  LATTICES 

Design  criteria  Stringent  criteria  have  been  imposed 
on  the  collider  lattice  designs  in  order  to  attain  the  specified 
luminosities.  The  first  and  most  difficult  criterion  to  satisfy 
is  provision  of  an  Interaction  Region  (IR)  with  extremely 
low  /?*  values  at  the  collision  point  consistant  with  accept¬ 
able  dynamic  aperture.  The  required  /?*  values  for  the  100- 
GeV  collider  are  4  cm  for  the  broad  momentum- width  case 
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and  14  cm  for  the  narrow- width  case.  For  the  3  TeV  ma¬ 
chine,  /?*  is  only  3  mm.  These  /?*  values  were  tailored  to 
match  the  longitudinal  bunch  lengths  in  order  to  avoid  lu¬ 
minosity  dilution  from  the  hour-glass  effect.  Achieving  this 
requirement  in  the  3  TeV  lattice  is  complicated  by  the  high 
peak  beta-function  values  in  the  final-focus  quadrupoles 
requiring  8-10  cm  radial  apertures.  The  correspondingly 
weakened  gradients  combined  with  the  ultra-high  energy 
make  for  a  long  final-focus  structure.  (In  contrast,  the  lower 
energy  and  larger  /3*  values  in  the  100  GeV  collider  lead  to 
an  efficient,  compact  final-focus  telescope.)  Compounding 
the  problem,  particularly  for  the  3-TeV  design,  is  the  need  to 
protect  superconductoring  coils  from  the  decay  products  of 
the  muons.  Placing  a  tungsten  shield  between  the  vacuum 
chamber  and  the  coils  can  increase  the  radial  aperture  in  the 
3-TeV  quadrupoleby  as  much  as  6  cm,  lowering  still  further 
available  gradients.  Final-focus  designs  must  also  include 
collimators  and  background  sweep  dipoles,  and  other  provi¬ 
sions  for  protecting  the  magnets  and  detectors  from  muon- 
decay  electrons.  Effective  schemes  have  been  incorporated 
into  the  current  lattices. 

Another  difficult  constraint  imposed  on  the  lattice  is  that 
of  isochronicity.  A  high  degree  of  isochronicity  is  required 
in  order  to  maintain  the  short  bunch  structure  without  exces¬ 
sive  rf  voltage.  In  the  lattices  presented  here,  control  over 
the  momentum  compaction  is  achieved  through  appropriate 
design  of  the  arcs. 

A  final  criterion  especially  important  in  the  lower-energy 
colliders,  is  that  the  ring  circumference  be  as  small  as  feasi¬ 
ble  in  order  to  minimize  luminosity  degradation  through  de¬ 
cay  of  the  muons.  To  achieve  small  circumference  requires 
high  fields  in  the  bending  magnets  as  well  as  a  compact, 
high  dipole  packing-fraction  design.  To  meet  the  small  cir¬ 
cumference  demand,  8  T  poletip  fields  have  been  assumed 
for  all  superconducting  magnets,  with  the  exception  of  the 
3-TeV  final-focus  quadrupoles,  whose  poletips  are  assumed 
to  be  as  high  as  12  T.  In  addition,  design  studies  for  still 
higher  field  dipoles  are  in  progress. 

rf  system  The  rf  requirements  depend  on  the  momen¬ 
tum  compaction  of  the  lattice  and  on  the  parameters  of  the 
muon  bunch.  For  the  case  of  very  low  momentum  spread, 
synchrotron  motion  is  negligible  and  the  rf  system  is  used 
solely  to  correct  an  energy  spread  generated  through  the 
impedance  of  the  machine.  For  the  cases  of  higher  momen¬ 
tum  spreads,  there  are  two  approaches.  One  is  to  make  the 
momentum  compaction  zero  to  high  order  through  lattice 
design.  Then  the  synchrotron  motion  can  be  eliminated, 
and  the  rf  is  again  only  needed  to  compensate  the  induced 
energy  spread  correction.  Alternatively,  if  some  momen¬ 
tum  compaction  is  retained,  then  a  more  powerful  rf  system 
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is  needed  to  maintain  the  specified  short  bunches.  In  either 
case,  rf  quadrupoles  will  be  required  to  generate  BNS  [3, 4] 
damping  of  the  transverse  head-tail  instability. 

3-TeV  lattice  The  3-TeV  ring  has  a  roughly  racetrack 
design  with  two  circular  arcs  separated  by  an  experimental 
insertion  on  one  side,  and  a  utility  insertion  for  injection, 
extraction,  and  beam  scraping  on  the  other.  The  experimen¬ 
tal  insertion  includes  the  interaction  region  (IR)  followed  by 
a  local  chromatic  correction  section  (CCS)  and  a  matching 
section.  The  chromatic  correction  section  is  optimized  to 
correct  the  ring’s  linear  chromaticity,  which  is  almost  com¬ 
pletely  generated  by  the  low  beta  quadurupoles  in  the  IR.  In 
designs  of  e+e_  colliders,  it  has  been  found  that  local  chro¬ 
matic  correction  of  the  final  focus  is  essential,  as  was  found 
to  be  the  case  here.  The  3-TeV  IR  and  CCS  are  displayed 
in  Fig.  2. 


Figure  1:  3-TeV  IR  and  Chromatic  Correction 

100-GeV  lattices  In  contrast,  the  100-GeV  ring  geom¬ 
etry  is  highly  compact  and  more  complicated  than  a  race¬ 
track,  but  the  lattice  has  regions  with  the  same  functions  as 
those  of  the  3-TeV  ring. 

The  need  for  different  collision  modes  in  the  100-GeV 
machine  led  to  an  Interaction  Region  design  with  two  op¬ 
tics  modes:  one  with  broad  momentum  acceptance  (dp/p  of 
0.12%,  rms)  and  a  collision  /?  of  4  cm,  and  the  other  ba¬ 
sically  monochromatic  (dp/p  of  0.003%,  rms)  and  a  larger 
collision  /?  of  14  cm.  This  lattice  design,  shown  in  Fig.  2 
and  Fig.  3,  has  a  total  circumference  of  about  350  m  with 
arc  modules  accounting  for  only  about  a  quarter  of  the  ring 
circumference. 

The  low  beta  function  values  at  the  IP  are  mainly  pro¬ 
duced  by  three  strong  superconducting  quadrupoles  in  the 
Final  Focus  Telescope  (FFT)  with  pole-tip  fields  of  8  T.  Be¬ 
cause  of  significant,  large-angle  backgrounds  from  muon 
decay,  a  background-sweep  dipole  is  included  in  the  final- 


focus  telescope  and  placed  near  the  IP  to  protect  the  detec¬ 
tor  and  the  low-/?  quadrupoles  [5].  It  was  found  that  this 
sweep  dipole,  2.5  m  long  with  an  8  T  field,  provides  suffi¬ 
cient  background  suppression.  The  first  quadrupole  is  lo¬ 
cated  5  m  away  from  the  interaction  point,  and  the  beta 
functions  reach  a  maximum  value  of  1.5  km  in  the  final  fo¬ 
cus  telescope,  when  the  maxima  of  the  beta  functions  in 
both  planes  are  equalized.  For  this  maximum  beta  value, 
the  quadrupole  apertures  must  be  at  least  1 1  cm  in  radius  to 
accommodate  5  a  of  a  90  7r  mm  mrad,  50-GeV  muon  beam 
(normalized  rms  emittance)  plus  a  2  to  3  cm  thick  tungsten 
liner  [6].  The  natural  chromaticity  of  this  interaction  region 
is  about  —60. 

■# — 


Figure  2:  4  cm  /?*  Mode  showing  half  of  the  IR,  local 
chromatic  correction,  and  one  of  three  arc  modules. 

Local  chromatic  correction  of  the  muon  collider  interac¬ 
tion  region  is  required  to  achieve  broad  momentum  accep¬ 
tance.  The  CC  contains  two  pairs  of  sextupoles,  one  pair  for 
each  transverse  plane,  all  located  at  locations  with  high  dis¬ 
persion.  The  sextupoles  of  each  pair  are  located  at  positions 
of  equal,  high  beta  value  in  the  plane  (horizontal  or  vertical) 
whose  chromaticity  is  to  be  corrected,  and  very  low  beta 
waist  in  the  other  plane.  Moreover,  the  two  sextupoles  of 
each  pair  are  separated  by  a  betatron  phase  advance  of  near 
7r,  and  each  sextupole  has  a  phase  separation  of  (2 n  +  l)f 
from  the  IP,  where  n  is  an  integer.  The  result  of  this  arrange¬ 
ment  is  that  the  geometric  aberrations  of  each  sextupole  is 
canceled  by  its  companion  while  the  chromaticity  correc¬ 
tions  add. 

The  sextupoles  of  each  pair  are  centered  about  a  mini¬ 
mum  in  the  opposite  plane  {(3min  <  1).  which  provides 
chromatic  correction  with  minimal  cross  correlation  be¬ 
tween  the  planes.  A  further  advantage  to  locating  the  oppo¬ 
site  plane’s  minimum  at  the  center  of  the  sextupole,  is  that 
this  point  is  f  away  from,  or  “out  of  phase”  with,  the  source 
of  chromatic  effects  in  the  final  focus  quadrupoles;  i.e.  the 
plane  not  being  chromatically  corrected  is  treated  like  the 
IP  in  terms  of  phase  to  eliminate  a  second  order  chromatic 
aberration  generated  by  an  “opposite-plane”  sextupole. 
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Figure3:  14  cm  (3*  Mode  showing  half  of  the  IR,  local 
chromatic  correction,  and  one  of  three  arc  modules. 

In  this  lattice  example,  the  CC  was  optimized  to  be  as 
short  as  possible.  The  /3m ax  is  only  100  m  and  the  Pm[n  = 
0.7  m,  giving  a  /3ratj0  between  planes  of  about  150,  so  the 
dynamic  aperture  is  not  compromised  by  a  large  amplitude- 
dependent  tuneshift. 

This  large  beta  ratio,  combined  with  the  opposite-plane 
phasing,  allows  the  sextupoles  for  the  opposite  planes  to  be 
interleaved,  without  significantly  increasing  the  nonlinear¬ 
ity  of  the  lattice.  In  fact,  interleaving  improved  lattice  per¬ 
formance  compared  to  that  of  a  non-interleaved  correction 
scheme,  due  to  a  shortening  of  the  chromatic  correction  sec¬ 
tion,  which  lowers  its  chromaticity  contribution.  The  use 
of  somewhat  shallower  beta-minima  with  less  variation  in 
beta  through  the  sextupoles  were  also  applied  to  soften  the 
chromatic  aberrations,  although  this  caused  a  slight  viola¬ 
tion  of  the  exact  7r  phase  advance  separation  between  sex- 
tupole  partners.  The  retention  of  an  exact  7r  phase  advance 
difference  between  sextupoles  was  found  to  be  less  impor¬ 
tant  to  the  dynamic  aperture  than  elimination  of  minima 
with  /Sjjjju  <  0.5  m. 

The  total  momentum  compaction  contributions  of  the  IR, 
CC,  and  matching  sections  is  about  0.04.  The  total  length 
of  these  parts  is  173  m,  while  that  of  the  the  momentum- 
compaction-correcting  arc  is  93  m.  From  these  numbers,  it 
follows  that  this  arc  must  and  does  have  a  negative  momen¬ 
tum  compaction  of  about  —0.09  in  order  to  offset  the  posi¬ 
tive  contributions  from  the  rest  of  the  ring. 

The  arc  module  is  shown  as  a  part  of  Fig.  2.  It  has  the 
small  beta  functions  characteristic  of  FODO  cells,  yet  a 
large,  almost  separate,  variability  in  the  momentum  com¬ 
paction  of  the  module  which  is  a  characteristic  associated 
with  the  flexible  momentum  compaction  module  [7]. 

A  very  preliminary  calculation  of  the  dynamic  aperture 
without  optimization  of  the  lattice  nor  inclusion  of  errors 
and  end  effects  is  given  in  Fig.  4.  One  would  expect  that 
simply  turning  off  the  chromatic  correction  sextupoles  in 
the  4  cm  (3*  mode  would  result  in  a  linear  lattice  with  a  large 


transverse  aperture.  With  only  linear  elements,  the  4  cm 
(3*  optics  showed  to  be  strongly  nonlinear  with  limited  on- 
momentum  dynamic  acceptance. 


Figure  4:  A  preliminary  dynamic  aperture  for  the  4  cm 
f3*  mode  where  a  (rms)  =  82 pm  (solid  line)  and  the 
14  cm  (3*  mode  where  a  (rms)  =  281  pm  (dashed  line). 

A  normal  form  analysis  using  COSY  INFINITY  showed 
that  the  tune-shift- with-amplitude  was  large,  which  was  the 
source  of  the  strong  nonlinearity  in  the  seemingly  linear 
lattice.  Numerical  studies  showed  that  a  similar  dynamic 
aperture  and  tune-shift-with-amplitude  terms.  This  ruled 
out  the  possibility  that  the  dynamic  aperture  was  limited  by 
the  low  beta  points  in  the  local  chromatic  correction  sec¬ 
tion  and  points  to  the  IR  as  the  source  of  the  nonlinearity. 
Further  analytical  study  using  perturbation  theory  showed 
that  the  first-order  contribution  to  the  tune  shift  with  ampli¬ 
tude  is  proportional  to  and  jxjy,  which  are  large  in  this 

IR.  These  terms  come  from  the  nonlinear  terms  of  px/po 
and  Py/po,  which,  to  the  first  order,  equal  the  angular  di¬ 
vergence  of  a  particle.  It  was  therefore  concluded  and  later 
shown  that  the  dynamic  aperture  of  the  more  relaxed  (3*  of 
14  cm  would  not  have  the  same  strong  nonlinearities  due  to 
the  reduced  angular  terms.  In  fact,  the  tune  shift  with  am¬ 
plitude  was  less  by  an  order  of  magnitude;  hence  the  large 
transverse  acceptance  shown  in  Fig.  4  (dashed  line). 
Thanks  to  S.  Ohnuma  his  contributions  to  this  work. 
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Abstract 

The  rapid  rate  and  cycle  time  required  to  efficiently  accel¬ 
erate  muons  precludes  conventional  circular  accelerators. 
Recirculating  linacs  provide  one  option,  but  the  separate 
return  arcs  per  acceleration  pass  may  prove  costly.  Recent 
work  on  muon  acceleration  schemes  has  concentrated  on 
designing  fixed-field  circular  accelerators  whose  strong  su¬ 
perconducting  fields  can  sustain  a  factor  of  4  increase  in 
energy  from  injection  to  extraction.  A  4  to  16  GeV  fixed- 
field  circular  accelerator  has  been  designed  which  allows 
large  orbit  excursions  and  the  tune  to  vary  as  a  function  of 
momentum.  Acceleration  is  .6  GeV  per  turn  so  the  entire 
cycle  consists  of  only  20  turns.  In  addition  a  16  to  64  GeV 
fixed-field  circular  accelerator  has  been  designed  which  is 
more  in  keeping  with  the  traditional  Fixed  Field  Alternat¬ 
ing  Gradient  machines[2].  In  this  work  all  three  machine 
designs  are  described. 

1  INTRODUCTION 

Rapid  acceleration  in  a  multi-stage  system  is  needed  for 
a  muon  collider  to  limit  intensity  loss  from  muon  decay. 
For  the  lower-energy  acceleration  stages,  this  consideration 
dominates  the  design.  Ultra-rapid  cycling  synchrotrons 
and  recirculating  linacs  with  multiple  return  arcs  have  been 
considered  for  muon  accelerators[l].  Given  the  technical 
complexity  or  expense  of  these  proposed  schemes,  the  idea 
of  using  fixed-field,  single-path  accelerators  has  been  re¬ 
visited  in  recent  work.  The  arcs  of  such  machines,  com¬ 
posed  of  large-aperture,  single-bore  superconducting  mag¬ 
nets,  can  be  designed  to  accomodate  the  large  energy  range 
from  acceleration.  Lattices  have  been  developed  which  can 
contain  an  energy  change  of  a  factor  of  four  from  injection 
to  extraction.  The  multistage  acceleration  scheme  consid¬ 
ered  here  employs  a  linac  as  the  first  stage  followed  by  two 
fixed-field  machines,  one  accelerating  from  4  GeV  to  16 
GeV  and  the  next  from  16  GeV  to  64  GeV. 

The  4-16  GeV  stage  is  a  FODO-based  cell  structure  with 
the  goal  to  maximize  bend  per  cell  and  minimize  over¬ 
all  circumference  and  intensity  loss  from  decay.  The  lb- 
64  GeV  stage  is  similar  to  an  FFAG  design  developed  at 
MURA[2]  whose  magnets  have  a  magnetic  field  character¬ 
ized  by  constant  radial  field  indices.  The  lower  energy  lat¬ 
tice  was  optimized  for  minimum  circumference,  in  consid¬ 
eration  of  muon  lifetime.  The  higher  energy  lattice  design 
minimizes  aperture  (cost),  which  may  be  the  more  impor¬ 
tant  consideration  for  that  energy  range.  The  design  ap¬ 
proaches  varied  accordingly.  The  following  sections  will 
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describe  the  two  lattice  designs  and  venture  a  few  compar¬ 
isons  and  conclusions. 

2  FIXED-FIELD  LATTICE  DESIGN 

A  circular  accelerator  system  can  be  designed  using  mag¬ 
nets  with  alternating  gradient  focusing,  but  with  fields  that 
remain  constant  for  the  duration  of  the  acceleration  cy¬ 
cle.  The  closed  orbits  move  during  the  cycle  but  remain 
within  the  (single)  aperture  of  each  magnet.  Such  FFAG 
rings  were  first  designed  and  studied  at  MURA[2],  and  are 
distinct  from  other  possible  accelerators,  such  as  linacs, 
pulsed  synchrotrons,  or  recirculating  linacs  with  multiple- 
path  return  arcs.  The  following  examples  made  are  in¬ 
tended  for  use  in  a  low-energy  muon  collider  in  a  center- 
of-mass  range  of  about  100  GeV  (called  a  Higgs  factory), 
but  the  ideas  are  applicable  to  higher  energy  colliders  as 
well. 

We  will  discuss  two  specific  FFAG  accelerator  designs 
for  the  Higgs  factory,  one  accelerates  muons  from  4  GeV 
to  16  GeV,  the  other  from  16  GeV  to  64  GeV.  The  rf  sys¬ 
tems  are  assumed  to  deliver  on  the  order  of  0.5-2  GeV 
per  turn.  In  order  to  explore  different  possibilities,  these 
two  rings  use  different  design  approaches,  though  both  are 
FFAG  in  the  sense  mentioned  above.  The  lower  and  higher 
energy  rings  use  non-scaling  and  scaling  FFAG  lattices  re¬ 
spectively.  In  a  non-scaling  lattice  the  orbit  properties  of 
the  closed  orbits  are  a  function  of  energy,  while  in  a  scal¬ 
ing  lattice  they  are  independent  of  energy. 

The  cells  of  the  low  energy,  non-scaling  ring  contain  a 
horizontally  focusing  quadrupole  and  a  vertically  focusing 
combined-function  bending  bending  magnet.  This  magnet 
configuration  was  chosen  to  maximize  the  net  bend  per  cell 
for  a  given  magnet  aperture,  implying  the  fewest  arc  cells 
and  minimal  ring  circumference. 

The  cells  of  the  high  energy,  scaling  ring  contain  one  F 
magnet,  one  D  magnet  and  short  drift  spaces.  Each  of  the 
magnets  has  a  magnetic  field  profile  B(p)  ~  pn,  where 
n  is  negative  and  positive  in  the  F  and  D  magnets  respec¬ 
tively,  which  gives  the  AG  focusing.  In  order  to  decrease 
the  radial  aperture,  the  magnetic  field  directions  also  alter¬ 
nate,  causing  the  orbits  to  curve  successively  towards  and 
away  from  the  ring  center  in  the  F  and  D  magnets,  and  the 
closed  orbits  to  describe  a  scalloped  set  of  parallel  curves. 
To  close  the  ring,  the  F  magnets  are  made  longer  than  the 
D  magnets. 

The  non-scaling  aproach  yields  the  smallest  design  cir¬ 
cumference,  but  a  radial  aperture  which  is  generally  larger 
than  in  the  scaling  approach.  In  the  scaling  aproach,  lattice 
parameters  do  not  vary  with  energy  and  radial  excursions 
and  magnet  apertures  can  be  reduced,  but  at  the  price  of  a 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


3068 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


larger  circumference. 

3  NONSCALING  FFAG  LATTICE 

A  nonscaling  FFAG  lattice  relies  on  a  strong-focussing 
FODO  cell  composed  of  large-bore  superconducting  mag¬ 
nets  to  contain  the  large  range  in  momenta.  The  cell 
presented  here  consists  of  a  horizontally-focussing  (F) 
quadrupole  followed  by  a  vertically-focussing,  combined- 
function  (D)  magnet.  The  cell  could  also  be  comprised  of 
separated-function  magnets,  but  the  magnetic  field  layout 
chosen  here  produces  the  largest  bend  per  cell  for  a  given 
maximum  excursion  of  the  closed-orbit  during  accelera¬ 
tion.  (The  peak  of  the  closed  orbit  excursion  always  occurs 
at  the  center  of  the  F  quadrupole.) 

The  optimal  lengths  of  the  magnets  can  be  analytically 
obtained  assuming  thin  lense  kicks  and  imposing  closure 
on  both  the  orbit  and  lattice  functions  over  a  half  cell. 
To  solve  the  equations,  the  maximum  off-axis  orbit  excur¬ 
sion  in  the  F  quadrupole  must  be  chosen  along  with  the  F 
quadrupole’s  aperture  and  poletip  field.  To  insure  stabil¬ 
ity  in  both  planes,  the  D  quadrupole  strength  is  taken  to 
be  equal  to  the  F  quadrupole  strength.  In  the  work  pre¬ 
sented  here  a  maximum  closed-orbit  excursion  of  7  cm  has 
been  chosen  for  the  F  quadrupole  (implying  a  physical  half- 
aperture  of  about  10-13  cm  horizontally),  and  a  gradient 
of  70  T-m.  The  spacing  between  magnets  is  taken  to  be 
0.25  m.  The  aperture  required  in  the  combined  function 
magnet  will  be  close  to  half  that  of  the  F  quadrupole.  In 
practice,  the  bend  and  corresponding  length  of  the  com¬ 
bined  function  magnet  must  be  rescaled  to  the  desired  max¬ 
imum  off-axis  excursion  due  to  the  approximations  inher¬ 
ent  in  the  thin  lense  kick  model,  keeping  the  vertical  fo¬ 
cussing  strength  of  the  combined  function  magnet  equal  to 
the  F  quadrupole  strength  during  the  rescaling. 

The  lattice  components  and  functions  of  the  resulting 
cell  are  plotted  in  Figurel.  Orbit  excursions  at  4  GeV 
are  plotted  in  Figure2.  The  corresponding  orbit  excur¬ 
sion  at  16  GeV  is  almost  an  inversion  of  the  curve  in 
Figure2.  Tunes  per  cell  vary  from  px,y  ~  0.4  at  4  GeV 
to  fiXtV  ~  0.075  at  16  GeV.  The  arc  contains  about  100 
cells,  1.6  m  long,  giving  a  total  length  of  160  m.  If  one 
assumes  100  m  for  rf,  then  the  total  circumference  of  this 
ring  is  less  than  300  m.  Adding  an  additional  100  m  of  rf 
and  keeping  the  same  choice  of  parameters,  but  scaling  the 
ring  to  16  to  64  GeV  energy  range,  increases  the  circumfer¬ 
ence  to  772  m.  The  circumference  can  be  compared  to  the 
1.36  km  circumference  of  the  16  to  64  GeV  scaling  FFAG 
lattice  described  below. 

The  main  drawback  to  this  approach  are  the  large  path- 
length  changes  as  a  function  of  energy.  The  pathlength 
shape  is  parabolic  and  changes  by  70  cm  from  a  mini¬ 
mum  at  10  GeV  to  injection  at  4  GeV  and  extraction  at 
16  GeV.  We  are  presently  studying  the  needed  rf  frequency 
and  phasing  requirements  for  different  applications  to  see 
what  is  feasible.  In  subsequent  calculations,  a  fixed-field 
sextupole  component  was  added  to  the  quadrupole  fields 


to  change  the  parabolic  shape  of  the  pathlength  variation 
to  one  which  increases  almost  monotonically  with  energy. 
Chicanes  could  be  incorporated  into  this  version  of  the  lat¬ 
tice  to  eliminate  pathlength  changes  at  the  expense  of  cir¬ 
cumference. 


Figure  1 :  Lattice  functions  of  nonscaling  FFAG  cell. 


Figure  2:  4  GeV  orrbit  excursion  of  nonscaling  FFAG  cell 


4  SCALING  FFAG  ACCELERATOR 
LATTICE 

This  design  is  based  on  FFAG  concepts  developed  at 
MURA  in  the  1950s.  All  of  the  orbits  accelerated  traverse 
a  single  vacuum  tube  in  one  set  of  magnets,  and  the  radial 
extent  of  these  orbits  is  small  compared  to  the  radius  of  the 
ring. 

A  cell  of  this  lattice  contains  one  F  magnet,  one  D  mag¬ 
net  and  short  drift  spaces.  Each  of  the  magnets  has  a  mag¬ 
netic  field  B(p)  ~  pn,  where  p  is  the  distance  from  the  lo¬ 
cal  center  of  curvature  of  each  magnet  to  the  orbit.  Hence 
the  field  index  n  =  -(p/B)(dB/dp)  is  independent  of  p. 
The  F  and  D  magnets  have  opposite  signs  of  both  B  and 
n,  the  same  magnitudes, and  different  lengths,  so  the  orbits 
curve  successively  towards  and  away  from  the  ring  center 
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in  the  F  and  D  magnets.  In  both  magnets  the  magnitude  of 
the  field  increases  outward  from  the  center  of  the  ring.  The 
closed  orbits  are  a  scalloped  set  of  parallel  curves,  the  mag¬ 
net  edges  lie  on  radii  from  the  ring  center,  and  the  closed 
orbits  are  normal  to  them. 

To  make  the  ring  close,  the  F  magnets  are  made  longer 
than  the  D  magnets,  in  a  ratio  of  about  3/2,  which  gives  a 
circumference  factor  R/p  ~  5.1  The  cells  have  constant 
tune  values  with  energy  because  the  transverse  focusing 
equations,  when  expressed  with  6  =  s/R  as  the  indepen¬ 
dent  variable  (R  =  circumference/27r),  only  depend  on 
n(9),  which  is  independent  of  energy.  Typical  cell  tunes  are 
px  =  57t/6 ,py  =  7t/6.  For  given  tunes  and  field  strength, 
the  magnet  lengths  and  radial  extent  of  the  closed  orbits  de¬ 
crease  with  increasing  values  of  n.  Arc  cell  parameters  are 
given  in  Table  1  and  lattice  functions  plotted  in  Figure3. 

There  are  three  main  advantages  of  this  design:  the  be¬ 
tatron  tunes  are  independent  of  energy,  the  radial  width  of 
the  orbits  can  be  made  very  small  for  a  large  accelerated  en¬ 
ergy  range,  and  the  variation  of  orbit  lengths  is  also  small. 
The  disadvantages  are  the  large  circumference  factor  and 
the  difficulty  of  designing  superconducting  magnets  with 
large  n. 


Figure  3:  Arc  cell  with  constant  field-index  magnets 


Long  straight  sections  can  be  included  in  a  scaling  radial 
sector  FFAG.  One  can  design  matched  insertions  by  using 
focusing  magnets  identical  to  the  cell  F  and  D  magnets, 
but  with  different  lengths  and  spacings.  Long  straight  drift 
spaces  can  be  placed  between  triplets,  and  the  dispersion 
can  be  reduced  to  zero  in  the  long  drift  space  by  placing 
pairs  of  O-gradient  dipoles  at  each  end  of  the  drift.  As  a 
result  the  radial  spread  of  the  orbits  in  the  long  drifts  is  re¬ 
duced  from  that  in  the  arc  cells  by  a  factor  of  about  five. 
Figure4  shows  a  sector  of  the  ring  which  includes  this  in¬ 
sertion  with  a  drift  straight  section. 


'The  magnet  lengths  and  |n|  determine  the  cell  tunes.  If  the  magnet 
length  ratio  is  too  large,  the  cell  is  vertically  unstable. 


Table  1:  Arc  cell  parameters 
Lattice:  C  -  F/2  O  D  O  F/2 


Rigidity  at  40  GeV 

T-m 

Bp 

133.4 

Magnetic  field  at  40  GeV 

T 

B 

4.86 

Gradient  at  40  GeV 

T/m 

B' 

125 

Magnetic  field  index  {-B' /Bp) 

n 

707 

Magnetic  radius 

m 

P 

27.5 

Cell  length 

m 

LC 

3.51 

F-magnet  length 

m 

Lf 

1.79 

D-magnet  length 

m 

Ld 

1.13 

Drift  space  length 

m 

Lo 

0.8 

Cell  tune  -  horizontal 

t^X 

0.416 

Cell  tune  -  vertical 

Py 

0.084 

Horizontal  beta  maximum 

m 

Px 

7.8 

Vertical  beta  maximum 

m 

Py 

15.3 

Dispersion  (constant  in  cells) 

cm 

D 

3.87 

Figure  4:  Insertion  with  14  m  drift  space. 


As  an  example  of  a  scaling  radial  sector  FFAG  accelerator, 
we  consider  a  ring  that  might  function  as  the  final  accel¬ 
eration  stage  for  a  Higgs  factory  muon  collider.  It  would 
accelerate  muons  over  an  energy  factor  of  about  four,  say 
from  16  GeV  to  64  GeV. 

The  ring  lattice  is  made  up  of  16  sectors;  each  sector 
consists  of  14  FODO  cells  and  one  insertion  containing  a 
14  meter  straight  section.  A  one-period  wiggler  is  installed 
in  every  fourth  long  straight  section.  The  wigglers  reduce 
the  variations  of  circumference  with  energy.  Thus  the  ring 
has  four  superperiods,  each  containing  three  sectors  with 
drift  straight  section  insertions  and  one  sector  with  a  wig¬ 
gler  insertion.  Four  of  the  drift  straight  sections  are  used  to 
inject  or  extract  one  of  the  two  muon  beams  and  the  other 
eight  drift  straight  sections  contain  rf  cavities.  The  total 
circumference  of  this  ring  is  1356  km. 
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Abstract 

The  possibility  of  achieving  the  high  muon  fluxes  sug¬ 
gested  in  recent  work  on  muon  colliders  has  revived  in¬ 
terest  in  the  idea  of  using  muon  storage  rings  for  neutrino 
production.  Through  proper  design  of  the  lattice,  a  signifi¬ 
cant  fraction  of  the  stored  muons  can  be  converted  into  an 
intense,  low-divergence  beam  of  neutrinos.  This  work  ex¬ 
amines  the  incorporation  of  a  long,  high-beta  straight  sec¬ 
tion  for  production  of  neutrino  beams  into  a  lattice  which 
is  otherwise  optimized  for  transverse  and  longitudinal  ad¬ 
mittance.  (The  ring  must  be  able  to  accept  a  very  large 
emittance  and  large  momentum  spread  muon  beam.) 

1  INTRODUCTION 

A  muon  storage  ring  is  also  a  source  of  neutrinos  from 
muon  decay.  By  recirculating  the  intense  muon  source 
beam,  a  muon  storage  ring  is  capable  of  efficient  and  in¬ 
tense  neutrino  production  when  the  muons  decay  in  long 
field-free  regions  (or  straight  sections).  This  paper  dis¬ 
cusses  two  10-GeV  muon  storage  rings  designed  to  opti¬ 
mize  neutrino-beam  production. 

2  DESIGN  CONSIDERATIONS 

There  are  three  principal  considerations  when  optimizing  a 
muon  storage  ring  for  neutrino  beam  production.  The  over¬ 
riding  consideration  is  to  design  a  ring  with  an  exception¬ 
ally  large  acceptance,  both  transversely  and  longitudinally, 
thereby  reducing  as  much  as  possible  the  beam  cooling  re¬ 
quired.  This  condition  also  presumes  large-emitance  muon 
beams  can  be  effectively  accelerated.  The  next  two  are  spe¬ 
cific  to  neutrino  production.  One  is  the  conversion  of  a  sig¬ 
nificant  fraction  of  the  stored  muons  into  a  directed  beam 
of  neutrinos;  that  is,  the  production  straight  must  occupy 
a  substantial  portion  of  the  ring  circumference.  Another  is 
that  the  properties  of  the  secondary  neutrinos  include  the 
dynamics  of  the  muons  in  the  production  straight.  This 
implies  that  the  neutrino  beam  will  be  colinear  (at  least  to 
within  the  limits  set  by  the  decay  kinematics)  if  the  diver¬ 
gence  of  the  parent  muon  beam  is  less  than  or  comparable 
to  the  muon  decay  angle  (which  is  10  mr  at  10  GeV).  Since 
the  muon  beam  divergence  in  the  decay  straight  can  be  con¬ 
trolled  with  a  straightforward  high-beta  insert,  the  lattice 
parameters  are  not  overly  constrained.  This  allows  the  base 
lattice  to  be  designed  consistent  with  unusually  large  trans¬ 
verse  and  momentum  admittances.  (The  intent  here  is  that 
the  greater  the  acceptance  achieved  in  the  storage  ring,  the 
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the  fewer  muon  cooling  stages  will  be  required  upstream 
with  a  considerable  savings  in  complexity  and  expense.) 
The  challenge,  then,  in  the  design  of  the  storage  ring  is  to 
extend  the  exceptionally  large  transverse  and  longitudinal 
emittances  characteristic  of  the  arc  design  to  include  the 
high-beta  insertion.  For  reference,  the  muon  beam  entering 
the  initial  cooling  stage  has  a  normalized  transverse  emit¬ 
tance  of  15,000  7 r  mm-mr  and  a  momentum  spread  of  about 
±5%. 

3  BASIC  LATTICE  DESIGN 

With  long  opposing  straights,  the  natural  layout  of  the  stor¬ 
age  ring  is  racetrack.  Strong-focussing  FODO  cells  are 
the  best  choice  for  the  arcs  because  of  their  potential  for 
large  momentum  acceptance  (larger  than  ±5%)  as  com¬ 
pared  with  more  complicated  focussing  structures.  At  10- 
GeV,  large-bore  superconducting  quadruples  are  recom¬ 
mended  in  order  to  maintain  a  strong  gradient  over  the  large 
aperture  required  to  accomodate  both  the  large  transverse 
admittance  and  the  large  displacement  of  off-momentum 
orbits.  The  high-beta  insert,  on  the  other  hand,  is  a  weaker- 
focussing  structure  and  must  be  carefully  designed  and 
matched  to  the  arc  to  transmit  the  large  range  in  momenta 
in  addition  to  creating  a  parallel  beam  for  neutrino  produc¬ 
tion. 

Table  1 :  Parameters  of  the  large-momentum  acceptance  arc 
cells  for  a  10-GeV  muon  storage  ring 


Initial 

Later 

intermagnet  spacing  (m) 

0.1451 

0.2 

dipole  length  (m) 

3.422 

0.645 

dipole  bend  (rad) 

tt/18 

0.174 

dipole  field  (T) 

1.7 

9 

quadrupole  length  (m) 

0.4 

0.387 

arc  quadrupole  strength  (m-2) 

0.75 

1.8 

arc  quadrupole  poletip  field  (T) 

>  5 

7.8 

arc  quadrupole  radius  (cm) 

20 

13 

cell  phase  advance  (deg) 

«  74 

«  90 

horiz.  sextupole  strength  (T) 

0 

2.3 

vert,  sextupole  strength  (T) 

0 

3.5 

The  initial  design  is  simply  constructed  using  two  iden¬ 
tical  high-beta  straights  matched  directly  to  the  connecting 
arcs.  Each  arc  is  composed  of  six  full  FODO  cells  plus 
an  extra  half  cell  with  cell  properties  given  as  the  first  ex¬ 
ample  in  Table  1.  Two  cells  at  each  end  of  the  arcs  have 
reduced  deflections  to  suppress  dispersion  in  the  two  long 
straights.  The  arcs  and  dispersion  suppression  modules  ac¬ 
count  for  44%  of  the  ring  which  is  394  m  in  circumfer¬ 
ence.  The  high-beta  straight  for  neutrino  production  was 
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Figure  1:  Initial  design:  The  neutrino  production  region 
flanked  by  matching  sections  and  dispersion-suppression 
cells 


formed  using  an  antisymmetric  doublet  quadrupole  struc¬ 
ture  and  represents  about  16%  of  the  total  ring  circum¬ 
ference.  The  matching  section  between  the  arc  and  and 
the  high-beta  straight  accounts  for  12%  of  the  total  cir¬ 
cumference  and  its  increased  divergence  contributes  to  the 
backgrounds  associated  with  neutrino  detection.  Fig.  1 
shows  the  beta  and  dispersion  functions  for  the  high-beta 
region,  flanking  matching  sections,  and  dispersion  suppres¬ 
sion  cells.  The  rest  of  the  circumference  is  occupied  by 
a  second  long  straight  which  is  opposite  to  and  presently 
identical  to  the  production  straight.  This  region  will  even¬ 
tually  be  redesigned  as  a  utility  section  to  include  injection. 
The  periodicity  of  this  ring  is  one. 

The  admittance  of  the  initial  ring  design  was  calculated 
using  a  /3max  in  the  high-beta  quadrupoles  of  200  m  (from 
Fig.  1),  a  quadrupole  radial  aperture  of  20  cm,  and  assum¬ 
ing  a  ±3  a  rms  beam  size.  These  parameters  give  a  nor¬ 
malized  rms  emittance  of  21 1 1  mm-mr;  given  that  the  up¬ 
stream  acceleration  is  not  the  limiting  aperture.  Errors  have 
not  been  included  in  calculating  this  ideal  aperture. 

The  momentum  dependence  of  the  initial  lattice  was 
studied  and  tracked  using  MAD[2],  The  tune  of  the  ring 
is  vx  =  5.46  and  vy  =  5.65.  Tracking  studies  indicate  that 
this  fractional  tune  is  near  optimal  and  also  that  the  momen¬ 
tum  aperture  is  best  when  the  x  and  y  plane  fractional  tunes 
are  close.  (Although  symmetric  inserts  were  studied,  it  was 


more  difficult  to  make  the  fractional  tunes  between  the  two 
planes  close-at  least  in  the  present  lattice  version-and  the 
dynamic  aperture  was  smaller  when  tracked.)  Although  a 
closed  orbit  exists  for  a  dp/p  of  -6.7%  to  5.8%,  the  orbit  ex¬ 
cursions  were  large  at  the  low  momenta  and  the  betas  too 
high  at  the  high  momenta.  If  an  orbit  cutoff  of  ±15  cm  and 
a  Pmax  of  200  m  is  enforced,  then  the  acceptable  momen¬ 
tum  range  of  the  initial  lattice  design  appears  to  be  -5.3% 
to  5%. 

4  LATTICE  IMPROVEMENTS 

Noting  that  the  neutrino  production  straight  is  only  16%  of 
the  ring  circumference,  one  of  the  first  modifications  to  the 
design  was  to  match  the  short  FODO  cells  of  the  arc  into 
much  longer  FODO  cells  to  build  up  the  high-beta  produc¬ 
tion  region.  Use  of  a  periodic  unit  allows  almost  complete 
flexibility  in  the  length  of  the  region.  Additionally,  peak 
beta  values  were  reduced  by  a  factor  of  two.  The  inser¬ 
tion  was  kept  antisymmetric  so  that  the  periodicity  of  the 
ring  remained  one.  The  improvements  in  this  later  lattice 
allows  for  a  production  straight  which  can  be  easily  varied 
from  22%  of  the  total  circumference  for  a  428  m  ring  to 
ps  40%  for  a  717  m  circumference  ring.  In  the  initial  de¬ 
sign  the  matching  sections  are  almost  equivalent  in  length 
to  the  production  straight  (75%  of),  but  in  the  later  work, 
they  fall  to  30%  the  length  of  the  production  straight  in  the 
428  m  ring  and  10%  in  the  717  m  ring. 

A  significant  problem  with  the  initial  design  is  that  the 
tune  changes  by  vx  —  5.82,  vy  —  6.01  to  vx  =  5.11,  vy  — 
5.28  over  the  accepted  momentum  range.  Such  a  large 
tune  spread  unavoidably  covers  an  integer  or  half-integer 
resonance;  consequently  substantial  beam  loss  is  expected. 
Therefore,  another  improvement  in  the  later  design  was  to 
insert  sextupole  correctors  at  the  center  of  each  quadrupole 
in  the  arcs  and  cancel  most  of  the  linear  chromaticity.  (In 
the  calculation,  the  quadruples  were  divided  in  two  and 
short,  0.2  m  sextupole  magnets  inserted;  hence  their  large 
poletip  fields.  It  should  be  possible  instead  to  insert  sex¬ 
tupole  correction  coils  along  the  length  of  the  quadrupole 
at  a  reduced  field.) 

Not  only  were  sextupoles  correctors  added,  the  arc  cell 
was  also  redesigned  to  keep  the  off-momentum  excursions 
under  ±8  cm  and  arc  quadrupole  apertures  modest.  Re¬ 
ducing  off-momentum  orbit  excursions  means  shorter  cells 
with  stronger  quadrupoles  and  shorter,  stronger  dipoles. 
The  amount  of  bend  per  arc  cell  was  left  virtually  un¬ 
changed  so  the  number  of  cells  per  arc  remains  the  same 
(7.5).  Additionally,  at  the  central  momentum  of  10  GeV, 
the  arc  quadrupole  strengths  were  tuned  to  give  to  a  near 
7r/2  phase  advance  per  cell  (keeping  the  focussing  and  de¬ 
focussing  quadrupoles  equal  strength).  The  new  parame¬ 
ters  of  the  arc  FODO  cells  are  included  in  Table  1  for  com¬ 
parison.  It  should  be  noted  that  the  9  T  fields  in  the  dipoles 
can  be  reduced  to  6-7  T  without  compromising  the  basic 
lattice  design  or  its  properties;  this  requires  adding  2  to  4 
cells  per  arc. 
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Figure  2:  Later  design:  Lattice  functions  of  the  high-beta 
FODO  cells  for  neutrino  production  flanked  by  matching 
sections,  dispersion  supression  cells,  and  three  arc  mod¬ 
ules. 


5  LATTICE  PERFORMANCE 

The  optimal  dynamic  aperture  for  both  transverse  and  lon¬ 
gitudinal  was  found  to  be  near  a  fractional  tune  of  (2 n  + 
1)7t/2.  In  the  latest  lattice  shown  Fig.  2,  the  fractional  tune 
of  the  horizontal  plane  was  set  near  0.25  and  the  vertical 
plane  near  0.75.)  This  choice  keeps  off-momentum  parti¬ 
cles  from  approaching  either  integer  or  half-integer  reso¬ 
nances  using  the  weakest  sextupole  strengths.  It  also  mini¬ 
mizes  second-order  chromatic  effects.  With  this  fractional 
tune,  the  normalized  rms  emittance  accepted  by  the  high- 
beta  quadrupoles-assuming  a  20  cm  quadrupole  radius,  a 
Pmax  of  100  m  and  a  3cr  distribution-is  about  4200  mm- 
mr.  The  transverse  acceptance  is  limited  by  the  high-beta 
quadrupole  aperture  and,  fortunately,  not  by  the  nonlin¬ 
ear  tuneshifts  generated  by  the  chromatic  correction  sex- 
tupoles. 

With  the  sextupoles  cancelling  most  of  the  linear  chro- 
maticity,  the  total  tune  swing  is  reduced  from  8vx  = 
0.71, 8vy  =  0.73  to  8vx  =  0.12, 8vy  =  0.16.  Further  re¬ 
duction  of  this  tune  swing  is  possible,  but  does  not  appear 
necessary  and  stronger  sextupoles  decrease  the  currently 
large  on-momentum  aperture. 


6  RESULTS 

At  the  rms  emittance  quoted  (2111  mm-mr),  the  rms  an¬ 
gle  of  the  muon  beam  in  the  63.3  m-long  production  region 
(between  the  quadrupole  doublets)  is  less  than  1  mr,  or  less 
than  1/10  the  natural  opening  angle  of  the  neutrinos.  It 
is  therefore  an  insignificant  contribution  to  the  final  diver¬ 
gence  of  the  neutrino  beam.  However,  the  matching  sec¬ 
tions  outside  of  the  doublet  contribute  between  1  and  3  mr 
over  33.2  m,  rising  to  2-5  m  over  the  14  meters  occupied 
by  the  high-beta  quadrupole  doublet. 

In  the  later  lattice,  the  rms  angle  of  divergence,  on  av¬ 
erage,  in  the  production  straight  (assuming  4200  mm-mr) 
is  about  1.3  mr  both  horizontally  and  vertically,  despite 
the  increase  in  the  transverse  acceptance.  There  is  a  short 
burst  of  highly  divergent  beam,  14-17  mr,  over  the  short 
distance  (sal  m)  comprising  the  high-beta  quadrupole  dou¬ 
blet.  However,  the  resulting  background  neutrinos  should 
dissipate  rapidly  before  the  intended  target.  The  divergence 
in  the  remaining  12-13  m  in  each  matching  section  (rep¬ 
resenting  over  90%  of  the  length  of  this  section),  drops  to 
3-5  mr,  which  is  similar  to  the  previous  design.  Overall,  the 
contribution  of  the  matching  sections  to  the  neutrino  beam 
is  reduced  by  a  factor  of  2.5-7  from  the  initial  design. 

7  DISCUSSION  AND  SUMMARY 

In  the  initial  design,  all  quadrupoles  must  have  large,  20- 
25  cm  radial  apertures  to  accomodate  the  large  displace¬ 
ments  (±15  cm)  of  off-momentum  orbits  in  the  arcs  and 
the  200  m  high-beta  peaks  in  the  insert.  This  includes  both 
arc  and  high-beta  quadrupoles.  In  the  arcs  of  the  second  de¬ 
sign,  the  quadrupole  apertures  are  smaller  by  about  a  factor 
of  two  due  to  the  reduced  orbit  swing  of  off-momentum  or¬ 
bits.  If  needed,  the  strength  and  cell  length  can  be  adjusted 
to  lower  the  poletip  fields  in  both  quadrupole  and  dipole 
components.  Since  the  high-beta  peak  in  the  insert  is  lower 
by  a  factor  of  two,  the  transverse  dynamic  aperture  of  the 
second  lattice  is  correspondingly  larger. 

To  summarize,  ideal  lattices  have  been  designed  which 
successfully  include  a  long,  low-divergence,  straight  sec¬ 
tion  for  neutrino  production  without  compromising  an  ex¬ 
ceptional  dynamic  aperture  in  both  transverse  and  momen¬ 
tum  space.  The  production  straights  nominally  occupy  20- 
40%  of  the  ring  circumference  indicating  a  large  conver¬ 
sion  of  stored  muons  into  useable  neutrinos.  Although  a 
large  dynamic  aperture  has  been  obtained,  clearly,  a  real¬ 
istic  set  of  errors  must  be  introduced  into  the  tracking  to 
determine  to  what  extent  this  ideal  aperture  deteriorates. 

Thanks  to  S.  Ohnuma  for  useful  suggestions  on  sex¬ 
tupoles 
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NEUTRINO  INDUCED  RADIATION  AT  MUON  COLLIDERS  * 

N.  V.  Mokhoyt ,  and  A.  Van  Ginneken,  FNAL,  Batavia,  IL 


Abstract 

Intense  highly  collimated  neutrino  beams  are  created  from 
muon  decays  at  high-energy  muon  colliders  causing  signif¬ 
icant  radiation  problems  even  at  very  large  distances  from 
the  collider  ring.  A  newly  developed  weighted  neutrino  in¬ 
teraction  generator  permits  detailed  Monte  Carlo  simula¬ 
tions  of  the  interactions  of  neutrinos  (and  of  their  progeny) 
to  be  performed  using  the  MARS  code.  Dose  distributions 
in  a  human  tissue-equivalent  phantom  (TEP)  are  calculated 
when  irradiated  with  neutrino  beams  (100  MeV-10  TeV). 
Results  are  obtained  for  a  bare  TEP,  one  embedded  in  sev¬ 
eral  shielding  materials  and  for  a  TEP  located  at  various  dis¬ 
tances  behind  a  shield.  The  distance  from  the  collider  ring 
(up  to  60  km)  at  which  recommended  annual  dose  limits  can 
be  met  is  calculated  for  0.5,  1, 2,  3  and  4  TeV  muon  collid¬ 
ers.  The  possibility  to  mitigate  the  problem  via  beam  wob¬ 
bling  is  investigated. 

1  INTRODUCTION 

As  pointed  out  by  King  [1  ]  neutrinos  from  muon  decay  may 
cause  significant  radiation  problems  at  large  distances  from 
the  collider  ring.  Dose  at  a  given  location  grows  with  muon 
energy  roughly  as  E3  due  to  the  increase  with  energy  of 
the  neutrino  cross  section,  of  total  energy  deposited,  and 
of  the  collimation  of  the  decay  neutrinos — each  responsi¬ 
ble  for  a  factor  of  E.  From  simple  geometry,  dose  is  ex¬ 
pected  to  decline  with  radial  distance  as  R~ 2  and  it  is  es¬ 
timated  that  for  a  2+2  TeV  collider  the  Fermilab  off-site 
annual  dose  limit  of  10  mrem  is  reached  only  after  some 
34  km  [2],  Detailed  Monte  Carlo  calculations  [3]  confirm 
the  great  importance  of  this  problem  for  high-energy  muon 
colliders.  In  these  studies  a  weighted  neutrino  interaction 
generator  is  developed  and  incorporated  in  the  MARS  [4] 
code.  Ref.  [1]  uses  the  ‘equilibrium  assumption’  which 
deals  with  a  human  TEP  embedded  in  an  essentially  infinite 
tissue-equivalent  medium.  By  contrast  ref.  [5]  assumes  the 
TEP  is  surrounded  everywhere  by  a  vacuum.  These  rather 
sweeping  assumptions  bear  greatly  on  the  maximum  dose 
encountered  within  the  TEP.  In  a  more  realistic  situation  the 
TEP  may  be  embedded  in,  e.g.,  soil,  concrete,  steel,  lead — 
or  placed  in  an  evacuated  region  and  then  embedded  into 
a  material  medium.  Each  of  these  geometries  affects  neu¬ 
trino  interaction  probabilities  and  subsequent  shower  de¬ 
velopment  in  different  ways.  This  is  investigated  here  for 
mono-energetic  neutrinos  as  well  as  for  those  produced  by 
a  muon  collider. 

*  Work  supported  by  the  Universities  Research  Association,  Inc.,  under 
contract  DE-AC02-76CH00300  with  the  U.  S.  Department  of  Energy. 

f  Email:  mokhov@fnal.gov 


2  NEUTRINO  INTERACTION  MODEL 

The  model  represents  energy  and  angle  of  the  particles — 
e±,  fi±,  and  hadrons — emanating  from  a  simulated  interac¬ 
tion.  These  particles,  and  the  showers  initiated  by  them,  are 
then  further  processed  by  the  MARS  transport  algorithms  in 
the  usual  way.  The  four  types  of  neutrinos  are  distinguished 
throughout:  vti,vti,ve,Ve.  The  model  identifies  the  fol¬ 
lowing  types  of  neutrino  interactions  for  (FM)  and  sim¬ 
ilarly  for  ve,  (z7e):  v^N  ->  y+X,  v^N  ->  u^X,  v^p  -> 
/i+n,  u^p  — >  z^n  — >  i/^n,  v^e~  -+  z/^e-,  v^e~ 

,Ufj,A  — >  VfjA.  Total  and  differential  cross  sections 
for  all  these  processes  are  taken  from  the  literature.  The  cor¬ 
responding  sampling  algorithms  are  developed  and  imple¬ 
mented  into  the  MARS  [4]  code.  For  example,  for  the  first 
reaction — corresponding  to  charged  current  deep  inelastic 
neutrino  interactions — total  cross  sections  are  assumed  to 
be  [6]  6.7  x  10 ~3QEU  cm2  per  nucleon  (Ev  in  GeV)  for  neu¬ 
trinos  and  half  of  that  for  antineutrinos.  The  differential 
cross  section  is  taken  from  [7]  as 

+  0) 

where  x  =  —q2/2M u  with  q  the  momentum  transfer,  M 
the  nucleon  mass,  and  u  the  energy  loss  of  the  neutrino  in 
the  lab,  y  =  vjEu,  G  is  the  Fermi  coupling  constant,  s  is 
the  total  energy  in  the  center  of  mass,  and  Q(x),  Q(x)  rep¬ 
resent  the  quark,  antiquark  momentum  distributions  inside 
the  nucleon.  Both  xQ(x)  and  xQ(x)  are  taken  from  ex¬ 
periment  in  numerical  form.  For  antineutrinos  the  roles  of 
Q(x),  Q(x)  in  Eq.  1  are  interchanged.  Once  the  direction 
and  momentum  of  the  lepton  is  decided  in  the  Monte  Carlo, 
its  center-of-mass  momentum  is  balanced  by  a  single  pion 
which  is  then  forced  to  undergo  a  deep  inelastic  interaction 
in  the  target  nucleus.  The  latter  approximates  particle  pro¬ 
duction  associated  with  deep  inelastic  neutrino  events. 

3  NEUTRINOS  ON  PHANTOM 

A  neutrino  induced  dose  delivered  to  a  person — represented 
in  this  study  by  a  30  cm  thick  TEP — depends  strongly  on 
whether  any  material  is  present  upstream  of  the  TEP  and  on 
the  composition  and  location  of  that  material.  The  minimal 
dose  results  from  cascades  developed  by  particles  produced 
in  ^-interactions  within  the  TEP  itself.  Any  material  imme¬ 
diately  upstream  the  TEP  would  only  amplify  the  maximum 
dose  which  in  all  cases  occurs  at  the  TEP  exit  plane.  Dose 
reduction  due  to  removal  of  the  v  by  interactions  or  scatter¬ 
ing  is  completely  negligible — even  after  hundreds  of  kilo¬ 
meters  of  soil.  Fig.  1  shows  maximum  dose  in  a  TEP  for  a 
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broad  beam  as  a  function  of  energy  for  for  a  bare  TEP 
suspended  in  vacuum  and  for  the  equilibrium  case  in  com¬ 
parison  with  [5].  Instead  providing  shielding,  the  presence 
of  soil  upstream  enhances  the  dose  by  a  factor  of  ~1000  in 
the  TeV  region  compared  to  the  bare  TEP. 


Figure  1:  Dose  equivalent  in  a  bare  (Neq)  TEP  and  in  one 
embedded  in  infinite  soil  (Eq)  per  unit  neutrino  fluence  as 
calculated  with  MARS  and  from  [5], 


Calculations  show  that  in  a  bare  TEP,  dose  for  ve  is  very 
close  to  that  for  and  is  about  a  factor  of  two  lower  for  the 
Up  and  Ve  beams.  Equilibrium  dose  is  practically  achieved 
after  some  5  m  of  soil  at  all  energies  of  interest  here.  Maxi¬ 
mum  dose  in  a  TEP  downstream  of  a  thick  wall  grows  with 
Z :  in  pSv  per  incident  neutrino  it  is  0. 1 2  for  water  or  tissue, 
0.19  for  soil,  0.25  for  steel  and  0.48  after  a  lead  wall. 


Thickness  (m) 


Figure  2:  Total  and  partial  maximum  dose  equivalent  in  a 
TEP  at  different  locations  in  soil,  air  downstream,  a  3  m 
concrete  wall,  and  air  downstream  of  the  wall,  for  a  2  TeV 
H+  decay  neutrino  beam. 


4  STRAIGHT  MUON  BEAM 

Using  a  2  TeV  fi+  decay  neutrino  beam  as  a  source  term — 
a  typical  situation  downstream  of  a  straight  section  or  spent 
muon  beam — a  series  of  calculations  is  performed  on  dose 
in  a  TEP  for  various  shielding  configurations.  Fig.  2  shows 
that  the  dose  remains  roughly  constant  through  the  soil 
shielding,  then  drops  quickly  in  the  air  downstream.  Any 
object  thick  enough  (e.  g.,  a  3  m  concrete  wall)  restores  the 
dose  back  to  its  original  level  in  soil  after  which  dose  de¬ 
cays  again  in  air  or  vacuum.  For  a  TEP  embedded  into  soil 
(‘equilibrium  case’),  the  dose  is  mainly  due  e±,  with  pho¬ 
tons  and  charged  hadrons  contributing  noticeably.  In  the 
air  downstream,  the  dose  is  first  determined  by  e±,  then  by 
photons  and — after  several  hundred  meters — by  muons. 

5  RADIATION  AROUND  RING 

The  magnet  and  beam  parameters  [2]  for  both  low-  and 
high-energy  muon  colliders,  assumed  embedded  into 
Fermilab  type  soil,  are  implemented  into  mars  [3].  For 
a  strictly  planar  orbit  ^-spreading  is  exclusively  due  to 
the  transverse  momentum  acquired  at  decay.  For  2  TeV 
muons,  the  fraction  of  ^-energy — or  dose — contained 
within  10  n rad  spreads  only  over  1  cm  after  traversing 
1  km  and  dose  decreases  rather  slowly  with  the  radial 
distance  in  the  orbit  plane  (Figs.  3-4).  The  DOE  off-site 
annual  dose  limit  of  100  mrem  (=1  mSv)  and  the  Fermilab 
recommended  limit  of  10  mrem  are  reached  at  radial 
distances  shown  in  Table  1.  Assuming  a  spherical  earth, 
this  radial  distance  tells  us  how  deep  below  ground  the 
collider  must  be  placed  by  equating  dose  limit(s)  with 
surface  dose — apart  from  legal  considerations  pertaining 
to  dose  delivered  deep  underground.  Note  that  several 
meters  of  soil  everywhere  around  the  tunnel  are  needed  in 
all  cases  to  protect  against  hadrons  and  muons. 


Figure  3:  Maximum  dose  equivalent  in  TEP  embed¬ 
ded  in  soil  in  low-energy  muon  collider  orbit  plane  with 
2x  1020  decays  per  year  vs  distance  from  ring  center. 
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Figure  4:  Maximum  dose  equivalent  in  TEP  embedded 
in  soil  in  high-energy  muon  collider  orbit  plane  with 
1.2x  1021  decays  per  year  vs  distance  from  ring  center. 


6  MITIGATION 

Since  the  ('-beam  is  highly  collimated  and  directional — 
the  intrinsic  divergence  is  only  50/rrad  from  2  TeV  muon 
decay — it  was  proposed  to  vary  the  direction  in  which  the 
secondary  (/-beam  is  produced  [3,  8],  The  beam  is  already 
spread  in  a  horizontal  disc  by  the  collider  dipoles.  A  verti¬ 
cal  wave  can  be  introduced  to  distribute  the  radiation  over 
a  larger  area  with  lower  average  dose.  This  vertical  wave 
should  vary  in  strength  and  phase  over  time  so  as  to  best  di¬ 
lute  the  dose.  Mars  calculations  indicate  that  such  a  float¬ 
ing  vertical  wave  installed  in  the  arcs  can  reduce  the  (/-flux 
by  more  than  an  order  of  magnitude  (Fig.  5).  The  ~8  m 
arc  dipoles  can  be  rolled  by  20  mrad  to  achieve  the  desired 
200  /irad  kick  (B~0.2  T  in  Fig.  5).  To  avoid  the  complica¬ 
tion  of  skewed  quadrupoles,  net  rolls  or  horizontal  magnetic 
fields  are  canceled  before  entering  quadrupoles.  That  is,  the 
first  dipole  in  a  set  of  three  is  rolled  10  mrad  horizontally, 
the  next  double  that  in  the  opposite  direction,  and  the  last  by 
the  same  amount  in  the  original  direction  to  almost  exactly 
cancel  coupling,  vertical  dispersion,  and  amplitude  effects. 
Reverse  rolls  and  other  changes  can  be  executed  from  time 
to  time  to  reduce  dose  levels  in  all  directions. 

Table  1:  Radial  distance,  R,  from  the  ring  center  with 
center-of-mass  energy,  -y/s,  and  depth,  d,  needed  to  reduce 
neutrino-induced  dose  at  surface  to  DOE  (100  mrem)  and 
Fermilab  (10  mrem)  annual  off-site  limits  at  No  decays/yr. 


Vs  (TeV) 

0.5 

1 

2 

3 

4 

Nd  x  102i 

0.2 

0.2 

2 

2 

2 

100  mrem 

R  (km) 

0.4 

1.1 

6.5 

12 

18 

d  (m) 

<1 

<1 

3.3 

11 

25 

10  mrem 

R  (km) 

1.2 

3.2 

21 

37 

57 

d  (m) 

<1 

<1 

34 

107 

254 

Figure  5 :  Average  dose  in  TEP  located  in  orbit  plane  vs  dis¬ 
tance  from  ring  center  in  soil  around  a  2+2  TeV  muon  col¬ 
lider  with  1.2x  1021  decays  per  year  for  five  values  of  ver¬ 
tical  wave  field. 

7  CONCLUSIONS 

Neutrino  induced  radiation  is  one  of  the  main  challenges  to 
the  design  and  civil  engineering  aspects  of  a  high-energy 
muon  collider.  The  newly  updated  MARS  provides  a  valu¬ 
able  tool  to  calculate  the  extent  of  the  problem  and  address 
proposed  mitigations.  Preliminary  results  presented  here 
show  how  dose  depends  strongly  on  muon  collider  energy 
and  on  the  geometry  between  source  and  TEP.  Beam  wob¬ 
bling  holds  promise  to  significantly  alleviate  the  problem. 
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COLLECTIVE  INSTABILITIES  OF  THE  50-50  GeV  MUON  COLLIDER 
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Abstract 

Single  bunch  instabilities  for  the  50-50  GeV  muon  collider 
are  discussed.  An  impedance  budget  for  the  collider  is  es¬ 
timated.  An  \rj\  —  1  x  10-6  is  desired  to  avoid  exces¬ 
sive  rf  systems.  Potential-well  distortion  can  be  compen¬ 
sated  by  rf  cavities.  Longitudinal  microwave  growth  can  be 
reduced  by  smoothing  the  bunch  distribution  before  injec¬ 
tion.  Transverse  microwave  instability  can  be  damped  by 
chromaticities  and  octupoles.  Beam  breakup  can  be  cured 
by  BNS  damping  in  principle,  but  is  nontrivial  in  practice. 
More  detailed  discussions  are  given  in  Ref.  1. 

1  IMPEDANCE  BUDGET 

Each  of  the  bunches  in  the  50-50  GeV  muon  collider  will 
have  an  intensity  of  N =4x  1012  muons,  rms  bunch  length 
at  =  4  cm,  and  rms  momentum  spread  as  =  1.2  x  10-3. 
There  is  another  mode  of  operation  for  precision  determi¬ 
nation  of  the  Higgs  mass,  when  the  rms  momentum  spread 
is  only  as  =  3.0  x  10-5  and  rms  bunch  length  at  =  13  cm. 
With  such  a  high  intensity  and  small  momentum  spread,  the 
study  of  bunch  instabilities  becomes  an  important  task. 

Because  there  is  about  3.5  cm  of  tungsten  shielding 
in  the  superconducting  magnets,  the  physical  aperture  of 
the  colliding  ring  will  not  be  large.  As  a  result,  careful 
bunch  monitoring  becomes  essential.  Assuming  strip-line 
beam-position  monitors  like  those  of  the  Tevatron,  the  low- 
frequency  longitudinal  and  transverse  impedances  for  M 
pairs  of  strip  lines  are  [2,  3] 

zll  ,  \4]2n  ,*F'l  m 

--j2MZty  5.  2±=y  2^2  sln  y[-J  ■  (I> 

Here,  each  strip-line  has  a  length  i  ~  10  cm  subtending  a 
full  angle  of  <fi o  ~  75°  at  the  axis  of  the  cylindrically  sym¬ 
metric  beam  pipe  of  radius  6,  and  forms  a  transmission  line 
of  characteristic  impedance  Zc  =  50  ft  with  the  vacuum 
chamber.  Note  that  these  impedances  are  roughly  indepen¬ 
dent  of  the  circumference  C  —  2ttR  =  350  m  of  the  collider 
ring,  because  more  BPM’s  will  be  needed  for  a  larger  ring. 
Assuming  M  =  56  pairs  of  strip  lines,  28  for  the  horizon¬ 
tal  and  28  for  the  vertical,  we  obtain  Zy/n  —  j0.44  Cl  and 
Z±  = j0.066  Mfi/m  (half  of  the  ring  with  6  =  2  cm  and  half 
with  4  cm).  It  is  worthwhile  to  point  out  that  the  longitudi¬ 
nal  impedance  is  independent  of  the  beam  pipe  radius. 

The  impedances  of  the  bellows  are  roughly  proportional 
to  the  ring  circumference.  For  the  Tevatron,  which  has  a  cir¬ 
cumference  of  6.28  km,  the  contributions  at  low  frequen¬ 
cies  are  [3]  Z\\/n  ~  j0.4  Cl  and  Z±  ~  j0.4  Mfi/m.  How¬ 
ever,  there  are  many  more  elements  per  unit  length  for  the 
muon  colliders.  We  scale  them  by  a  factor  of  10  to  get 
Z\\  / n  ~j0.04  Cl  and  Z±  ~  j0.04  Mfi/m.  The  Tevatron  bel¬ 
lows  are  unshielded.  Thus,  these  impedances  will  be  much 
smaller  if  the  bellows  in  the  muon  collider  are  shielded. 
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For  the  resistive  walls  of  the  vacuum  chamber,  the  con¬ 
tributions  to  the  impedances  are 

z\\  sgn(n)  +  j  r ZopCl 1/2  C  rZpl 

n  2b  7ijn|  ’  X  7t62  n 

where  Zj_  is  to  be  evaluated  at  n+vp  and  i/p  is  the  beta¬ 
tron  tune.  For  an  aluminum  beam  pipe  with  resistivity  p= 
0.0265  fiCl-m,  we  obtain  Z\Jn  =  [sgn(n)  +j]0.62|n| -1/2  Cl 
and  Zj_  =  [sgn(n)-t-j]0.13|n  +  i'g|-1/2 Mfi/m,  using  6=2 
and  4  cm  for  each  half  of  the  ring.  Thus,  at  the  beam-pipe 
cutoff  frequency,  fc  =  2.405c/ (27t6)  =  5.74  GHz,  c  being 
the  light  velocity,  the  resistive-wall  contributions  become 
negligible  compared  with  those  from  the  BPM’s. 

The  lattice  of  the  collider  ring  entails  large  variations 
of  the  betatron  functions,  ~  1500  m  in  the  final  focusing 
quadrupoles,  ~  100  m  in  the  local  chromaticity-correction 
region,  and  <  25  m  in  the  arcs.  For  this  reason,  there  will 
be  plenty  of  transitions  in  beam-pipe  cross  section,  leading 
to  significant  contributions  to  the  coupling  impedances.  If 
a  broad-band  impedance  model  with  quality  factor  Q  =  1 
is  assumed,  it  will  be  difficult  to  have  2mZ||/n  <  0.5 Cl, 
XmZx  <0.1  Mfl/m  at  low  frequencies.  The  resonant  an¬ 
gular  frequency  is  chosen  as  ur  =  50  GHz,  ~  38%  above 
cutoff,  because  \Z\\/n\  does  not  roll  off  up  to  u  =  60  GHz 
in  both  the  CERN  LEP  and  the  SLAC  damping  rings. 

2  CHOICE  OF  SLIPPAGE  FACTOR 

Longitudinally,  the  worst  fast  collective  growth  is  the  mi¬ 
crowave  instability,  which  has  a  stability  limit  of  [4] 

a  <  ,  (3) 

n  elpk 

where  7pk  is  the  peak  current,  E  the  muon  energy,  and  e  its 
charge.  Taking  the  at  =  4  cm  bunch,  stability  can  be  assured 
only  if  the  slippage  factor  |?/|  >  0.0021.  Neglecting  the  in¬ 
fluence  of  coupling  impedance,  to  keep  such  a  bunch  in  an  rf 
bucket,  the  synchrotron  tune  will  be  vs  —  \r]\Ras/(2irae)  = 
3.54  x  10-3,  and  the  rf  voltage  will  be  Vrf  =  27rJ5^2/|7j|  = 
1.86  GV,  which  is  very  large.  Another  choice  is  to  make  \r)\ 
as  small  as  possible.  Although  we  have  to  give  up  Landau 
damping,  hopefully,  the  growth  rate,  which  is  proportional 
to  be  slow  enough  and  cause  insignificant  harm. 

Here,  we  are  talking  about  the  total  spread  in  77,  since  the 
latter  is  a  function  of  momentum  spread.  Because  77  is  re¬ 
lated  to  the  momentum-compaction  factor,  to  reduce  77  and 
its  spread,  we  need  to  reduce  the  contribution  of  the  higher- 
order  momentum  compaction  also.  Roughly  speaking,  sex- 
tupoles  can  be  used  to  reduce  771,  octupoles  reduce  772,  etc. 
The  experience  with  the  2-2  TeV  muon  collider  lattice  [5] 
tells  us  that  it  will  be  hard  to  reduce  the  spread  of  1 77 1  to  be¬ 
low  1  x  10~6,  and  this  value  will  be  used  in  our  discussion 
below.  A  particle  at  an  energy  spread  of  3<tj  will  drift  by 
4.2  ps  (0.13  cm)  only  in  1000  turns.  For  this  reason,  it  ap¬ 
pears  that  a  bunching  rf  will  not  be  necessary.  However,  this 
is  not  true  in  the  presence  of  the  coupling  impedance. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Distance  Along  Bunch  in  cm  (Bunch  going  left) 


Figure  1 :  Top:  Wake  potential,  compensating  rf  voltages, 
and  net  voltage  seen  by  particles  in  the  4-cm  bunch  at  in¬ 
jection.  Bottom:  Bunch  distribution  after  1000  turns. 

3  POTENTIAL- WELL  DISTORTION 
AND  MICROWAVE  INSTABILITY 

Particles  in  the  high-intensity  bunch  will  be  affected  by  the 
wake  from  the  particles  ahead.  Assume  a  linear  Gaussian 
distribution  and  a  broad-band  with  Q  =  1  and  Tie  Z\\ /n  = 
0.5  Q  at  the  angular  resonance  frequency  utr  =  50  GHz. 
At  such  a  high  resonant  frequency,  the  wake  potential  seen 
by  a  bunch  particle  is  roughly  equal  to  the  derivative  of  the 
Gaussian  with  a  maximum  and  minimum  of  ~  ±0.83  MV, 
as  shown  in  the  top  plot  of  Fig.  1.  Therefore,  in  1000  turns 
some  particles  will  gain  and  some  will  lose  as  much  as 
~  499  MeV,  taking  into  consideration  the  reduction  in  in¬ 
tensity  due  to  muon  decay,  while  the  designed  rms  energy 
spread  is  only  60  MeV.  With  such  a  large  energy  spread, 
there  will  be  some  drift  in  time,  especially  if  |7y|  is  not  too 
small.  Thus,  there  may  be  bunch  lengthening  as  well  as  par¬ 
ticle  loss  due  to  the  limited  physical  aperture  of  the  vac¬ 
uum  chamber.  If  the  linear  distribution  is  parabolic,  a  si¬ 
nusoidal  rf  of  wavelength  longer  than  the  bunch  length  will 
compensate  for  this  bunch  distortion  due  to  wake  poten¬ 
tial.  If  the  linear  distribution  is  cosine-square,  a  sinusoidal 
rf  with  wavelength  exactly  equal  to  the  bunch  length  will 
do  the  job.  For  a  Gaussian  distribution,  one  needs  a  combi¬ 
nation  of  sinusoids  [6].  For  example,  to  compensate  up  to 
±3cr^ ,  we  need  at  injection  two  sinusoidal  rf’s  of  frequen¬ 
cies  1.290  and  2.673  GHz,  of  voltages  717.4  and  253.4  kV, 
and  of  phases  170.55°  and  159.33°,  as  shown  in  the  top 


Distance  Along  Bunch  in  cm  (Bunch  going  left) 


Figure  2:  Distribution  of  13-cm  bunch  after  encountering 
the  wake  potential  and  the  compensating  rf’s  for  1000  turns 

plot  of  Fig.  1,  with  the  voltages  decreasing  turn  by  turn  ac¬ 
cording  to  the  decay  of  the  muons.  Tracking  was  done  for 
1000  turns  using  2  x  106  macro-particles  with  bin  size  15  ps 
(0.45  cm).  The  result  is  shown  in  lower  plot  of  Fig.  1.  We 
see  that  the  compensation  rf’s  do  a  good  job  by  keeping 
the  muons  bunched  without  any  increase  in  bunch  length. 
However,  there  are  some  wigglings  along  the  bunch.  They 
are  not  due  to  inexact  compensation,  because  the  top  plot 
of  Fig.  1  shows  that  the  net  voltage  seen  has  a  wiggling 
with  wavelength  about  210  ps  and  ~  ±0.008  MV  at  injec¬ 
tion  or  ~  ±4.8  MV  for  1000  turns.  On  the  other  hand,  the 
lower  plot  in  Fig.  1  shows  a  wiggling  of  ~  ±40  MeV  with 
wavelength  of  ~  125  ps  corresponding  to  the  resonant  fre¬ 
quency  of  the  coupling  impedance.  These  are  signs  of  mi¬ 
crowave  instability.  Figure  2  shows  the  1000- turn  tracking 
simulation  of  a  rms  13-cm  bunch  using  the  same  number  of 
macro-particles  with  the  same  bin  width  and  subject  to  the 
same  broad-band  impedance.  The  best  fitted  compensation 
rf’s  used  at  injection  are  at  0.3854  and  0.7964  GHz,  65.40 
and  24.74  kV,  and  177.20°  and  174.28°.  Note  that  the  rf’s 
can  only  compensate  for  potential-well  distortion  and  can¬ 
not  cure  microwave  instability. 

The  Keil-Schnell  criterion  can  be  rewritten  in  the  form 

/l^l^peakl^ll/^l  0  |  |  /  Tlr  In  2 

B’"°V — (4) 

wo /  (27t)  being  the  revolution  frequency  and  nr  the  resonant 
harmonic,  where  the  left  side  is  the  raw  microwave  growth 
rate  without  damping  and  the  right  side  the  Landau  damp¬ 
ing  rate,  which  is  a  few  orders  of  magnitude  smaller  than  the 
left  side  for  both  bunches  and  can  be  neglected.  We  there¬ 
fore  obtain  the  growth  rates  as  4.91xl04  and  2.72xl04  s_1, 
respectively,  for  the  4-cm  and  13-cm  bunches.  The  4-cm 
bunch  should  have  a  larger  growth  rate  because  the  peak 
current  is  larger  and  momentum  spread  plays  no  role  since 
the  Landau  damping  rate  is  too  small.  However,  Fig.  1  ac¬ 
tually  shows  a  less  violent  growth  than  Fig.  2.  One  reason 
is  that  the  same  number  of  macro-particles  and  same  bin 
widths  have  been  used  in  the  two  situations.  The  4-cm  dis¬ 
tribution  will  have  more  macro-particles  per  bin  than  the 
13-cm  bunch  and  therefore  smaller  fluctuations,  thus  pro¬ 
viding  smaller  seeds  for  the  growth.  The  other  reason  is 
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that  the  impedance  wavelength  is  comparable  to  the  rms 
bunch  length  of  the  4-cm  bunch,  over  which  the  local  cur¬ 
rent  drops  to  ~  e”1/2  =  0.6  of  its  peak  value,  thus  reduc¬ 
ing  the  growth  rate.  It  is  important  to  point  out  that  Figs.  1 
and  2  do  not  indicate  the  actual  particle  distributions  after 
1000  turns.  The  actual  growth  depends  on  the  initial  lin¬ 
ear  bunch  shape.  If  the  initial  bunch  shape  is  extremely 
smooth,  the  total  growth  in  1000  turns  may  be  very  min¬ 
imal.  On  the  other  hand,  if  the  initial  bunch  distribution 
is  very  rugged,  it  will  provide  a  large  seed  and  the  final 
distribution  after  1000  turn  can  be  much  more  violent  than 
those  depicted  in  Figs.  1  and  2.  Therefore,  to  prevent  ex¬ 
cessive  microwave  instability,  methods  must  be  devised  to 
smooth  the  bunch  distribution  after  ionization  cooling  and 
linac  acceleration.  Further  reduction  in  impedance  and  \rj\ 
will  lower  the  growth.  Since  the  growth  rate  is  proportional 
to  frequency,  one  must  try  to  smooth  the  vacuum  chamber 
so  that  the  impedance  contribution  at  high  frequencies  will 
be  reduced  to  a  minimum. 


4  TRANSVERSE  MICROWAVE 
INSTABILITY 

The  Keil-Schnell-like  stability  criterion  for  transverse  mi¬ 
crowave  instability  can  be  written  at  chromaticity  £  as  [7] 
e/pk|Zx|c  4v/2w0|, 

,  '  < - \{nr-ug)r)  +  £|ct5  ,  (5) 

47T  bjVg  7T 

where  the  left  side  is  the  raw  growth  rate  without  damping 
and  the  right  side  the  damping  rate.  With  i/g  «  8,  the  raw 
growth  rates  are  11.4xl03  and  3.51xl03  s_1,  respectively, 
for  the  4-cm  bunch  and  13-cm  bunch.  For  stabilization,  one 
requires  \{nr  -  vg)r)  +  £\  >  1.7  and  21,  respectively,  for 
the  two  bunches.  Although  our  choice  of  t)  is  small,  stabil¬ 
ity  can  still  be  maintained  if  the  chromaticities  are  less  than 
1.7  and  21,  if  octupoles  are  installed  to  provide  additional 
amplitude-dependent  tune  spread.  Also,  the  presence  of  a 
small  growth  may  not  be  serious  for  only  1000  turns. 


5  TRANSVERSE  BEAM  BREAKUP 


Since  bunch  particles  do  not  move  much  longitudinally 
with  respect  to  the  bunch  center  during  their  lifetime,  any 
off-axis  particle  will  affect  its  followers  constantly  leading 
to  beam  breakup.  Take  the  simple  two-particle  model,  by 
which  the  bunch  is  represented  by  two  macro-particles  of 
charge  \eN  separated  by  a  distance  z  ~  a.  The  transverse 
displacements  of  the  head,  j/i,  and  the  tail,  yi,  satisfy 

e2NW\{z) 

-Vi-  (6) 
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In  a  length  L,  the  displacement  of  the  tail  will  grow  T  = 
e2NWi(z)L/(8TrEi/p)  times  [8],  For  a  broad-band  im¬ 
pedance  with  Z±  =  0.1  Mfl/m  at  u>r  =  50  GHz  and 
Q  =  1,  the  wake  function  has  a  maximum  of  W\  = 
2urZ±_ cot  <t> sin <j> e~^ cot ^ at  z = aj)/ {ujt  sin <f>)  < z,  where 
cos  4>  =  1/(2Q),  indicating  that  the  two-particle  model  is 
not  suitable  for  long  bunches  and  high  resonant  frequencies. 
As  an  estimate,  with  this  maximum  value  of  W\,  the  dis¬ 
placements  of  some  particles  along  the  bunch  will  be  dou¬ 
bled  in  ~  27  turns. 


Figure  3:  Relative  tune  shift  compensation  as  functions  of 
distance  along  the  bunch  to  cure  beam  breakup.  The  bunch 
profile  is  plotted  in  dashes  as  a  reference. 


This  beam  breakup  can  be  cured  by  varying  the  betatron 
tune  of  the  beam  particles  along  the  bunch,  so  that  resonant 
growth  can  be  avoided.  The  is  known  as  BNS  damping  [9]. 
In  order  that  all  particles  in  the  bunch  will  perform  betatron 
oscillation  with  the  same  frequency  and  same  phase,  special 
focusing  force  is  required  to  compensate  for  the  variation  of 
betatron  tune  along  the  bunch  according  to  [8] 


A  og(z)  e2NR 


»0 


A-ku^E 


1; 


dz'  p{z')W\{z'  —  z) ,  (7) 


If  the  linear  bunch  distribution  p  is  a  Gaussian  interacting 
with  a  broad-band  impedance,  the  integration  simplifies  to 


Aop(z)  e2NujrZ±R 


(8) 


vg  2(2n)3/2VpQvE  [  vQoi 
where  use  has  been  made  of  v  =  urog/c  »  Q,  which  is 
certainly  satisfied  for  both  bunches.  The  relative  tune  shifts 
required  for  the  two  bunches,  shown  in  Fig.  3,  are  small.  To 
cure  beam  breakup,  however,  an  rf  quadrupole  must  be  in¬ 
stalled  and  pulsed  according  to  the  compensation  curve  for 
each  bunch  as  the  bunch  is  passing  through  it.  Note  that  the 
compensations  are  only  slightly  shifted  backward  instead  of 
linearly  increasing  towards  the  tail.  These  are  the  results  of 
long  bunches  and  high  resonant  frequencies,  as  was  indi¬ 
cated  in  the  two-particle  model  discussion.  The  shift  will 
be  more  towards  the  tail  as  v  decreases.  In  practice,  com¬ 
pensations  matching  these  tune-shift  curves  are  nontrivial. 
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Abstract 

Results  of  Monte  Carlo  simulations  of  the  processes  in  a 
collection  channel  for  a  muon  collider  are  presented.  In 
the  simulations,  pions  are  produced  in  a  target,  captured 
and  then  transported  within  solenoid  focusing  systems 
where  they  decay  into  muons.  Muon  yield  and  phase  space 
characteristics  at  the  end  of  the  channel  can  be  improved 
by  placing  rf  cavities  and  absorbers  along  the  channel  as 
well  as  by  providing  a  supplemental  toroidal  field  along 
with  the  absorbers.  Results  for  a  sample  of  such  scenarios 
are  presented. 

1  INTRODUCTION 

A  key  requirement  for  a  p+-p'  collider  is  to  capture  and 
collect  a  maximal  number  of  muons  from  the  proton 
source.  For  this,  the  proton  beam  from  the  source  must  be 
optimally  focused  onto  a  production  target  and  the  beam 
optics  must  be  arranged  to  capture  the  maximal  number  of 
ji’s  and  confine  them  within  a  transport  channel  for  7C—>p 
decay.  A  number  of  options  for  the  target,  the  7t-capture 
optics,  and  the  7t-»p  decay  transports  have  been 
studied.!  1,2]  From  these  studies  it  appears  that  an 
optimum  scenario  for  producing  forward  it's  for  p- 
collection  is  to  use  a  high  power  10 — 30  GeV  proton 
beam  which  is  focused  onto  a  relatively  high-Z,  high- 
density  target.  The  target  is  immersed  in  a  high-field 
solenoid  (20T  in  these  studies)  designed  to  capture  n’s 
with  transverse  momentum  up  to  250  MeV/c.  The 
captured  Tt's  continue  downstream  from  the  target  in  a 
high-acceptance  transport,  which  is  based  on  solenoidal 
focusing  with  a  low-frequency  rf-bunching  system, 
designed  to  capture  the  p's  from  Jt-decay.  Fig.  1  shows  an 
overview  of  the  target  and  initial  portion  of  the  collection 
and  capture  section,  including  the  production  target  within 
a  high-field  capture  solenoid  and  the  transition  into  a 
lower-field  solenoidal  transport  with  a  low-frequency  rf 
system  for  capture  and  rotation. 

In  this  transport  the  7t's  decay  into  muons  (7t— >pv)  and 
the  design  problem  is  to  optimize  this  transport  to  accept 
the  maximum  number  of  p's,  to  capture  them  within  a 
minimal  phase-space  volume,  and  transport  them  into  an 
ionization  cooling  section.  In  this  paper  we  explore 
several  variations  on  designs  for  this  capture  section, 
including  the  possibility  of  providing  some  initial  cooling 
in  this  section.  (Much  of  this  material  is  presented  in 
more  detail  in  ref.  4.) 


Figure  1:  Overview  of  the 

targetry  +  initial  capture 

section  of  the  Jt-»p  collection  channel. 
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2  CAPTURE  AND  COLLECTION 
SCENARIOS 

The  key  parameters  of  the  capture  and  cooling  section  (in 
the  baseline  design  of  solenoidal  focusing  plus  rf  capture) 
are  the  focusing  field,  the  apertures,  and  rf  parameters 
including  rf  voltage,  frequencies,  and  phases. 

In  the  simulations,  n  production  is  generated  using  the 
MARS  code.[4]  The  16  GeV  proton  beam  (<?x,  oy=0.4cm) 
and  bunch  length  of  0.3m  (rms)  is  incident  on  a  36cm 
long,  1cm  radius  Ga  target,  situated  in  a  20T,  7.5cm 
radius,  solenoid,  and  the  simulations  track  the  secondary 
particles  from  that  source.  The  n  trajectories  initiate  as 
helices  in  the  20T  field.  This  field  is  adiabatically  reduced 
in  a  transition  solenoid  to  a  smaller  value  which  is 
sustained  throughout  the  remaining  transport/rf  section. 
Final  values  of  5T  and  1.25T  are  considered  in  the  present 
simulations,  some  of  which  are  presented  in  more  detail  in 
ref.  [4].  In  the  adiabatic  field  decrease  the  radius  of  the 
transport  channel  is  increased,  keeping  Br2  constant,  to  15 
cm  with  5T  and  30  cm  with  1.25  T. 

These  studies  of  the  capture  and  rf  rotation  process  are 
based  on  previous  studies  by  H.  Kirk,  R.  Palmer  and 
others,  presented  in  ref.  1.  Simulations  by  Palmer  and 
Gallardo[5],  by  Y.  Fukui[6],  and  the  present  studies, 
obtain  ~0.2  p/p  from  the  rf  capture  section  with  16  GeV 
protons.  Table  1  shows  parameters  of  such  a  system. 
Our  simulations  show  that  at  the  end  of  the  42m  rf  rotation 
system  -0.22  p/p  are  captured  within  the  r=15cm  B=5T 
transport,  within  an  acceptance  window  of  p=275±125 
MeV/c.  The  rms  normalized  emittance  is  0.018  mrad,  and 
ap  =  50  MeV/c,  oa=  1.9m. 

'Research  supported  by  DOE  contractDE-AC02-76CH03000. 
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Table  1:  parameters  of  an  rf  rotation/capture  system  for 


capture  of  p’s  from  n— >p.v  decay 


Section 

Length 

Rf  frequency 

m 

(m) 

(MHz) 

MV/m 

1 

6 

90 

5.2 

2 

18 

50 

3.15 

3 

18 

30 

2.1 

This  beam,  however,  has  a  large  size  (x,  y,  and  z),  and  a 
large  momentum  spread  at  a  relatively  small  momentum, 
and  it  is  difficult  to  match  into  a  following  cooling  and 
capture  transport  system. 

Based  on  these  earlier  studies  and  with  some  reop¬ 
timization  a  somewhat  different  capture  scenario  is 
developed,  with  parameters  displayed  in  Table  2.  This 
section  is  designed  to  capture  the  maximum  number  of 
muons  from  a  target  within  a  compressed  bunch,  using  the 
large-aperture  solenoid  for  transverse  focusing,  and  an  rf 
system  for  capturing  and  compressing  the  beam.  The 
beam  is  significantly  accelerated  in  preparation  for 
subsequent  cooling  and  capture  transports.  The  bunch 
length/energy  spread  criterion  used  is  an  acceptance 
aperture  of  ±3m  in  longitudinal  position  and  ±150  MeV  in 
energy. 

As  shown  in  Table  2,  the  initial  bunching  is  at  higher  rf 
frequencies,  and  the  rf  frequency  decreases  as  the  bunch 
travels  downstream,  matching  the  increase  in  bunch 
length,  rf  voltages  also  decrease,  since  high-gradient  is 
more  difficult  at  lower  frequencies.  A  double-frequency 
rf  system  is  used  throughout;  the  initial  90MHz  rf  voltage 
is  supplemented  by  a  double  harmonic  (180MHz)  at  1/3 
voltage.  The  double  harmonic  rf  format  improved  capture 
from  that  obtained  with  single  harmonic  systems.  The  rf 
waveform  is  designed  to  decelerate  the  high  energy  end  of 
the  beam  while  accelerating  the  low  energy  end,  reducing 
the  energy  spread  with  some  increase  in  bunch  length.  In 
Fig.  2,  the  evolution  of  the  bunch  along  the  channel  is 
displayed.  The  rf  waveform  in  each  section  is  also 
displayed,  illustrating  the  bunch-rotation  rf.  The  rf 
capture  system  is  designed  to  accelerate  the  average  beam 
energy  to  -450  MeV/c,  in  order  to  prepare  the  beam  for 
subsequent  cooling. 

Table  2:  Parameters  of  an  rf  capture  system  and  initial 
acceleration  system.  The  rf  system  is  double-harmonic, 
with  an  additional  component  at  2x  the  fundamental 
frequency  and  1/3  the  voltage,  phase  shifted  by  2.2 
radians. 


Section 

Length 

On) 

Fundamental  rf 
frequency  (MHz) 

V(rf)  MV/m 
(fundamental) 

1 

7.2 

90  — >  60 

13.5 — >11.7 

2 

7.2 

54 ->44 

10.8— >9.0 

3 

19.2 

42  — >  34 

8.55->5.85 

4 

24 

33.5  ->  26 

5.4 

5 

24 

25 

5.4 

Figure  2:  Simulations  of  rf  rotation  in  a  80m  long,  5T 
solenoid  channel,  with  the  rf  bunching  systems  of  Table  1. 
The  bunching  wave  form  is  shown  as  a  line  in  each  graph, 
which  display  the  beam  at  regular  intervals  along  the 
80.4m  transport,  distance  in  cm  is  shown  in  each  graph. 
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3  COOLING  IN  CAPTURE  SCENARIOS 

To  explore  the  initiation  of  cooling  within  the  p-collection 
system,  an  ionization  cooling  channel  is  added  to  the  end 
of  the  rf  rotation  section,  within  the  same  transport.  For 
ionization  cooling,  0.1m  long  sections  of  LiH  absorbers 
(p=0.82  gm/cm3,  dE/dx  =  1.56  MeV/cm)  are  placed  every 
1.2m  in  a  72m  long  additional  section.  The  rf  acceleration 
is  increased  by  ~15MV/m  to  compensate  for  the  beam 
energy  losses  in  the  absorbers.  Simulations  show  that  the 
system  cooled  transverse  emittances  by  ~2x  and  6D 
emittance  by  ~4x  for  the  5T  case,  (see  Table  3)  However 
the  system  heats  the  beam  in  the  1.25T  case,  causing  large 
beam  loss.  The  heating  is  caused  by  multiple  scattering 
heating,  which  is  4x  larger  for  that  case,  because  of  the 
weaker  focusing.  Adding  toroidal  magnets  for  additional 
focusing  reduces  the  heating  effect. 

While  these  simulations  show  significant  cooling,  the 
system  needs  further  development  to  be  realized  in 
practice.  The  rf  gradients  required  are  large  for  this 
frequency.  The  focusing  system,  even  with  an  added 
toroidal  field,  is  weaker  than  desired  to  suppress  multiple 
scattering.  Also  some  energy  cooling  is  needed.  Other 
systems,  such  as  the  alternating  solenoid  system 
presented  in  ref.  [2],  with  emittance  exchange  cooling, 
should  be  developed  and  compared  with  this  system. 
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The  simulations  do  show  that,  from  an  initial 
production  system,  as  many  as  0.35  |i/p  can  be  captured 
from  a  16  GeV  proton  beam,  which  initially  produces  -1.1 
rc/p  at  the  target.  An  initial  transverse  cooling  system 
within  the  solenoid  channel  can  reduce  beam  sizes  by  a 
factor  of  two,  which  could  make  transfer  from  the  rf 
rotation  solenoid  to  a  further  cooling  system  much  easier. 
Somewhat  better  capture  is  obtained  using  the  stronger- 
focusing  5T  lattice  than  the  larger-aperture  1.25T  case, 
and  the  more  compact  beam  size  is  better  suited  for 
matching  into  downstream  cooling  sections. 

Further  modifications  could  make  the  system  more 
practical  and/or  affordable.  The  many  continuously- 
changing  double-harmonic  systems  could  probably  be 
reduced  to  a  few  (i.  e.,  90,  60,  30)  with  little  loss  in 
performance.  The  initial  cooling  system  could  be 
modified  to  decelerate  the  beam  with  cooling,  which  may 
be  more  efficient,  and  alternating-solenoid  focusing  could 
replace  the  toroids  in  focusing  the  beam.  Deceleration 
would  reduce  rf  requirements;  our  initial  scenario  actually 
accelerates  the  beam.  However,  more  reacceleration  in 
cooling  segments  would  be  needed.  A  sparser  absorber 
configuration  (possibly  using  H2  absorbers  as  in  ref.  2) 
would  reduce  gradient  requirements,  while  lengthening 
the  system.  Some  energy  cooling  in  this  initial  stage  is 
desirable. 

4  DISCUSSION:  FUTURE  STUDIES 

The  chief  difficulty  which  needs  further  study  is  the 
problem  of  matching  the  very  large  beam  from  the  rf 
rotation  channel  into  a  following  cooling  channel.  At  that 
point  the  beam  has  an  rms  8p/p  of  -15%,  a  bunch  length 
of  ~1.4m  rms  (6m  full  width),  and  transverse  beam  sizes 
of  ~7cm  radius  (15  cm  full  radius)  with  an  angular  width 
of  100  mrad.  The  general  technique  of  inserting  some 
initial  cooling  within  the  rf  rotation  channel  will  probably 
be  used,  and  both  transverse  cooling  and  emittance- 
exchange  components  are  needed.  An  important 
challenge  which  needs  a  specific  solution  is  the  design  of 
a  first  energy-cooling  (emittance-exchange)  system  which 
can  accommodate  the  very  large  emittances  and 
momentum  spreads  at  the  end  of  the  rf  rotation  channel, 
with  minimal  dilution  and  losses. 
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Figure  3:  Longitudinal  profiles  of  the  beam  at  the  end  of 
the  rf  capture  sequence,  but  before  any  cooling. 


Table  3:  Results  of  simulations  of  rf  rotation  scenarios  for 
5T  and  1.25T  focusing  systems.  In  the  second  column 
cooling  absorbers  are  added,  and  an  additional  focusing 
field  is  added  in  the  third  column. 
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Design  and  Simulation  studies  of  an  Ionization  Cooling  channel  using  lithium 

lenses  and  solenoid  transport  channels.* 

P.  Spentzouris* ,  D.  Neuffer,  FNAL,  Batavia,  EL 

Abstract  muon  interactions  in  matter.  In  addition,  the  field  maps  re- 


The  successful  design  of  a  high  luminosity  muon  collider 
requires  that  the  six  dimensional  phase-space  of  the  muon 
beam  generated  by  pion  decay  be  reduced  by  a  factor  of 
~  (10s — 106)  before  it  enters  the  collider.  This  “beam  cool¬ 
ing”  has  to  take  effect  in  a  time  scale  comparable  to  the  life¬ 
time  of  the  muon.  Because  of  this  time  limitation,  Ioniza¬ 
tion  Cooling  is  the  preferred  option  for  the  muon  collider. 
In  this  paper  we  discuss  the  design  issues  for  an  Ioniza¬ 
tion  Cooling  channel  based  on  lithium  lenses  and  solenoid 
transport  channels  and  we  present  simulation  results  ob¬ 
tained  using  a  detailed  tracking  code  with  a  complete  model 
of  muon-atom  interactions.  Cooling  results  for  a  minimal 
configuration  of  two  lithium  lenses  and  one  matching  sec¬ 
tion  are  presented,  for  beams  with  a  normalized  transverse 
emittance  of  0.0067  m-rad.  The  cooling  factor  obtained  is 
~  1.5. 

1  INTRODUCTION 

In  the  current  muon  collider  scenarios  [1]  the  6-D  phase- 
space  reduction  required  to  obtain  a  high  luminosity  col¬ 
lider  is  on  the  order  of  10B  - 106.  This  “beam  cooling”  must 
be  obtained  in  time  scales  on  the  order  of  the  muon  lifetime 
(~  2  n s).  The  technique  which  in  principle  could  accom¬ 
plish  this  task,  within  the  required  time  window,  is  ioniza¬ 
tion  cooling  [2,  3].  In  ionization  cooling  the  beam,  while 
passing  through  material,  loses  both  transverse  and  longitu¬ 
dinal  momentum  by  ionization  loss  (dE/dx).  The  longitudi¬ 
nal  momentum  is  then  restored  by  passing  the  beam  through 
acceleration  cavities.  Since  Multiple  Coulomb  Scattering 
in  the  material  constitutes  a  heating  term,  the  absorbers 
have  to  be  placed  in  strong  focusing  field  to  minimize  this 
contribution.  Note  that  this  method  in  its  simple  form  cools 
only  in  the  transverse  dimensions  of  the  6-D  phase  space. 
A  complete  discussion  for  6-D  designs  is  presented  in  ref¬ 
erence  [1]. 

Cooling  by  large  factors  requires  many  successive  stages 
of  energy  loss  and  acceleration.  In  this  paper  we  dis¬ 
cuss  specific  implementations  of  ionization  cooling  using 
lithium  lenses  as  the  cooling  elements,  and  solenoids  as  the 
transport  and  matching  elements.  The  performance  of  such 
channels  depends  critically  on  the  accurate  modeling  of  ion¬ 
ization  and  multiple  scattering,  and  the  beam  emittance  in¬ 
volved  is  so  large  that  the  par-axial  approximation  is  inad¬ 
equate.  In  order  to  obtain  realistic  modeling,  we  base  the 
simulations  of  our  design  on  the  GEANT3  package  [4],  a 
detailed  tracking  code,  with  a  complete  implementation  of 
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quired  correspond  to  the  actual  geometry  of  the  elements 
of  the  beamline,  including  fringe  fields.  Finally,  in  order  to 
maintain  high  accuracy  in  computing  traces  over  large  dis¬ 
tances,  the  precision  of  this  package  has  been  upgraded  to 
double  precision,  DPGeant  package  [5], 

2  DESIGN  PARAMETERS  AND 
CONSTRAINS 

The  use  of  an  active  lens  absorber  (such  as  a  Li  lens)  in 
ionization  cooling  seems  to  be  very  advantageous.  The  az¬ 
imuthal  magnetic  field,  Bg  =  in  a  cylindrical  conduc¬ 
tor  of  radius  R  provides  linear  radial  focusing,  with  an  equi¬ 
librium  betatron  function  of  /3  =  (Bp/B')1!2,  where  B'  is 
the  field  gradient.  For  a  nominal  beam  momentum  of  300 
MeV/c  and  B'  =  lOOOT/ro,  (3  of  ~  0.03m  is  obtained. 
This  f),  together  with  the  radiation  length  and  dE / dx  values 
for  lithium  makes  Li  lenses  very  efficient  ionization  cooling 
devices  (see  reference  [1]  for  a  discussion  on  various  ion¬ 
ization  cooling  options).  The  main  issue  for  constructing  a 
cooling  channel  based  on  Li  lenses  is  optics,  since  follow¬ 
ing  each  active  lens  the  muons  have  to  be  accelerated,  and 
the  matching  section  between  the  lens  and  the  accelerating 
section  has  to  be  short,  in  order  to  avoid  decay  losses.  In  ad¬ 
dition,  energy  straggling  in  the  absorber  dilutes  the  longitu¬ 
dinal  phase  space.  In  our  design  we  use  1/4  Larmor  wave¬ 
length  (A i)  long  solenoid  lenses  to  match  in  and  out  of  the 
accelerating  section,  which  consists  of  805 Af  Hz  open  cell 
RF  cavities  embedded  in  a  weak  solenoidal  field.  The  A^/4 
length  requirement  is  imposed  to  provide  minimum  beam 
divergence  into  the  acceleration  channel.  For  particles  with 
the  design  momentum  the  transverse  focusing  is  essentially 
point  to  parallel,  a  =  0,  entering  the  acceleration  channel, 
and  parallel  to  point  exiting  it  (entering  the  next  Li  lens). 
No  chromatic  fitting  has  been  performed  at  this  stage  of 
the  simulation  (p^-  =  0,  =  0  ).  The  length  of 

V  V 

the  solenoid  in  the  acceleration  section  is  constrained  to  be 
an  integral  number  of  Larmor  wavelengths.  The  apertures 
and  the  field  strengths  are  selected  to  match  (or  at  least  ac¬ 
cept)  the  incoming  beam  parameters,  so  they  vary  accord¬ 
ingly  depending  on  the  particular  configuration.  The  max¬ 
imum  field  strengths  used  are  limited  to  values  that  could 
be  obtained  either  with  currently  available  technology  or 
with  the  completion  of  ongoing  R&D  efforts  [6].  The  RF 
frequency  is  constrained  by  the  high  gradient  requirements 
(30 MV/m)  of  the  channel.  In  principle,  lower  frequency 
RF  provides  more  flexibility  in  the  design  of  such  channels, 
but  high  gradients  are  not  currently  feasible  at  low  RF  fre¬ 
quencies.  In  order  to  control  the  longitudinal  phase  space 
growth,  the  choice  of  RF  frequency  constrains  the  beam  en- 
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ergy  to  be  higher  than  the  optimal  for  transverse  cooling  [7] . 

3  SIMULATION  RESULTS 

The  first  implementation  of  our  design  was  for  a  beam  with 
a  transverse  normalized  emittance  of  6.7  mm-rad.  This  ex¬ 
ample  corresponds  to  an  “upstream”  cooling  stage  of  the 
baseline  muon  collider  design  [1],  The  design  parameters 
of  this  channel  were  first  obtained  using  a  matrix  represen¬ 
tation  of  the  focusing  elements  [8].  These  values  were  then 
used  to  generate  the  realistic  fields  and  geometric  descrip¬ 
tion  used  in  the  detailed  DPGeant  simulation.  They  were 
optimized  by  using  the  optimization  package  Minuit  [9] 
which  iterated  the  passage  of  500  muons  selected  to  cover 
the  beam  phase  space  through  the  fully  simulated  chan¬ 
nel.  The  channel  parameters  are  tabulated  in  table  1 .  The 
section  simulated  consisted  of  2  lithium  lenses  (1  and  2  in 
the  table),  a  matching  section  with  2  strong  solenoid  lenses 
(front  and  back),  and  a  solenoid  transport  section  where  the 
RF  cavities  were  placed.  These  RF  cavities  were  divided 
into  3  groups,  the  first  and  last  used  for  longitudinal  focus¬ 
ing,  and  the  second  for  acceleration.  The  RF  characteristics 
are  shown  in  table  2  and  the  accelerating  field  is  30MV/m. 
The  beam  injected  into  this  channel  has  momentum  of  473 
MeV/c,  with  transverse  momentum  r.m.s  size  of  32  MeV/c, 
beam  radius  r.m.s  of  2.2  cm,  r.m.s  bunch  length  of  1.5  cm 
and  a  r.m.s  energy  spread  of  16  MeV.  The  results  of  the  sim- 


Table  1 :  Channel  Specifications 


Field  (T) 

Length  (m) 

Diameter  (m) 

LiLensl 

1.3 

1.8 

0.176 

Sol  Front 

2.5 

1.24 

0.39 

Sol  Transport 

0.78 

10 

0.51 

Sol  Back 

3.3 

1.45 

0.39 

LiLens  2 

1.62 

1.8 

0.142 

ulation  are  shown  in  figures  1-4.  In  figure  1  the  normal¬ 
ized  transverse  emittance  and  transmission  of  the  channel 
are  plotted  as  a  function  of  position  along  the  beamline.  The 
emittance  is  reduced  in  the  first  Li  lens  from  0.0067  m-rad 
to  0.0052  m-rad,  stays  constant  in  the  matching  section  and 
acceleration  channel,  and  then  is  reduced  again  in  the  sec¬ 
ond  lens  to  0.0047  m-rad.  The  losses  are  only  non-decay 
(muon  decays  were  turned  off  during  this  simulation)  and 
they  are  about  1%  inside  the  first  Li  lens  (due  to  large  angle 
scatters  from  particles  on  the  tail  of  the  beam  distributions), 
and  on  the  order  of  5%  in  the  second  Li  lens  because  of  the 
development  of  additional  tails  in  the  matching  and  accel¬ 
erating  sections.  The  beam  envelope  is  shown  in  figure  2, 
together  with  the  average  of  the  beam.  The  second  order 
correlation  coefficients  are  shown  in  figure  3.  As  expected, 
the  (Px,y)  and  ( Py ,  x)  correlations  are  maximal  and  oppo¬ 
site  in  sign  inside  the  solenoid,  while  the  (Px ,  x)  and  ( Py,y ) 
are  equal  and  show  the  transverse  motion  properties  of  the 


Table  2:  RF  Specifications 


Length  (m) 

Stable  Phase  (degrees) 

Focus  1 

2.84 

6 

Acceleration 

4.8 

90 

Focus2 

2.4 

4.4 

beam  in  the  matching  section.  All  other  correlations  are 
zero,  except  the  (Pz ,  ct )  correlation  which  shows  the  effects 
of  the  focusing  and  acceleration  RF  sections  on  the  beam. 
For  the  all  of  the  above  plots,  the  points  on  the  horizon- 
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Distance  along  Beamline  (m) 


Figure  1 :  Transverse  normalized  emittance  (top)  and  trans¬ 
mission  (bottom)  as  a  function  of  the  longitudinal  position 
along  the  channel. 

tal  axis  correspond  to  the  entrance  and  exit  of  the  first  Li 
lens,  the  entrance  and  exit  of  the  first  matching  solenoid,  the 
middle  of  each  RF  cell,  the  entrance  and  exit  of  the  second 
matching  solenoid,  and  the  entrance  and  exit  of  the  second 
lithium  lens.  The  beam  phase  space  is  described  using  the 
transverse  variables  x,  Px,y,  Py,  and  the  longitudinal  vari¬ 
ables  ct  and  Pz .  The  emittance  is  calculated  according  to 
the  statistical  (rms)  definition  [10].  Since  in  the  presence 
of  an  axial  magnetic  field  there  are  correlations  between 
(as,  Py)  and  (y,  Px)  in  the  lab  frame,  the  normalized  trans¬ 
verse  emittance  is  calculated  using  the  determinant  of  the 
4x4  covariance  matrix  of  the  transverse  coordinates.  The 
values  shown  in  figure  1  are  calculated  from  the  square  root 
of  the  above  determinant:  ex  x  ey  =  [det)1!2 /m2.  Since 
the  beam  is  symmetric,  the  correlations  mentioned  above 
exactly  cancel  (figure  3),  and  ex  =  ey.  The  longitudinal 
phase  space  of  the  beam  at  the  entrance  of  the  first  Li  lens 
and  at  the  exit  of  the  second  Li  lens  is  shown  in  figure  4. 
There  is  some  tail  development,  but  overall  the  longitudi- 
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DJotanc*  along  Baomltne  (m) 


losses  were  much  larger  (~  25%),  mostly  due  to  amplified 
chromatic  effects. 

In  summary,  we  have  designed  and  simulated  in  full  de¬ 
tail  an  ionization  cooling  channel  which  consists  of  two 
lithium  lenses  a  solenoidal  matching  section,  and  an  RF  sec¬ 
tion  at  805  MHz.  The  transverse  cooling  factor  obtained  for 
473  MeV/c  muons  with  a  normalized  transverse  emittance 
of  0.0067  m-rad  is  ~  1.5,  while  the  longitudinal  emittance 
remains  under  control,  and  the  losses  are  at  the  7%  level. 


Distance  along  Beamline  (m) 

Figure  2:  Beam  envelope  (top)  and  (3y  (bottom)  as  a  func¬ 
tion  of  the  longitudinal  position  along  the  channel. 

nal  phase  space  is  kept  under  control.  The  same  calcula- 
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Distance  along  Beamline  (m) 

Figure  3:  Correlation  coefficients  for  Px  and  Py  (top)  and 
Px  (bottom)  as  a  function  of  the  longitudinal  position  along 
the  channel.  The  only  non  zero  correlations  are  for  Px  y 
(bullets),  Py  x  (open  symbol),  Px  x  and  Py  y  (filled  trian¬ 
gles),  and  Pz  ct  (bullets). 

tion  was  repeated  for  a  smaller  beam  (normalized  transverse 
emittance  ~T).00061  m-rad),  after  scaling  the  strengths  and 
radii  of  the  lenses  and  the  phase  of  the  focusing  and  accel¬ 
erating  sections.  The  cooling  results  were  similar,  but  the 
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Figure  4:  The  Beam  longitudinal  phase  space  (Pz  vs  t)  at 
the  entrance  of  the  channel  (top)  and  at  the  exit  (bottom). 


4  REFERENCES 

[  1  ]  Status  of  the  muon  Collider  Research  and  Development  and 
Future  Plans  BNL-65-623,  Fermilab  -PUB-98/179,  LBNL- 
41935,  submitted  to  Phys.  Rev.  ST  Accel.  Beams. 

[2]  G.I.Budker  and  A.N.Skrinsky,  Electron  cooling  and  new  pos¬ 
sibilities  in  elementary  particle  physics,  SoV.  Phys.  Usp.  21 
277(1978). 

[3]  D.Neuffer,  Particle  Accelerators  14  75  (1983). 

[4]  Geant  Manual  V3.2.2.1,  CERN  Program  Library  W5013. 

[5]  See  P.Lebrun’s  contribution  in  these  proceedings. 

[6]  G.Silvestrov,  in  Proceedings  of  the  9th  AdvancedICFA  Beam 
Dynamics  Workshop,  editor  J.C.Gallardo  (AIP  Press,  Wood¬ 
bury,  New  York,  1996),  Vol.  372. 

[7]  B.Palmer  and  R.Femow,  Cooling  notes,  USPAS,  January 
1999,  http://pubweb.bnl.gov/people/palmer/course/ 

[8]  V.  Balbekov,  805MHz,  30  MV/m,  Li-lenses  based  cooling 
channel,  internal  Muon  Collider  report,  unpublished. 

[9]  Minuit  Reference  Manual,  V94.1,  CERN  Program  Library 
Writeup  D506. 

[10]  P.M.Lapostolle,  IEEE  Trans.  Nucl.  Sci  NS-18,  No  3,  1101 
(1971) 


3085 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


LIQUID  LITHIUM  LENS  WITH  HIGH  MAGNETIC  FIELDS 

B.  Bayanov,  V.  Belov,  A.  Chemyakin,  V.  Eschenko,  V.  Karasuk,  M.  Petrichenkov,  G.  Silvestrov* , 

T.  Vsevolozhskaya,  BINP,  Novosibirsk,  Russia 


Abstract 

The  analysis  of  mechanical  stresses  in  different  lenses 
constructions  with  solid  and  liquid  lithium  is  performed. 
It’s  shown  that  in  lenses  with  solid  lithium  both  in  design 
with  rigidly  supported  and  in  design  with  the  thin  wall 
elastic  titanium  shell  the  field  value  can  not  exceed  10  T 
substantially.  The  only  possibility  to  obtain  15-20  T  fields 
is  creation  of  lenses  constructions  with  liquid  lithium  and 
big  buffer  volumes. 


Lithium  lens  is  a  lithium  cylinder  through  which  the 
electric  current  with  uniform  distribution  is  conducted.  It 
provides  the  linear  axially-symmetrical  focussing  of 
particle  beam  passing  along  the  axis  of  cylinder.  Lithium 
cylinder  is  placed  into  the  thin-wall  cylindrical  titanium 
shell  and  expands  at  the  ends  in  radial  direction  where 
the  axially-symmetrical  current  input  is  realized.  The 
cylinder  is  limited  at  the  ends  by  beryllium  windows  for 
the  beam  input  and  output.  Such  optical  systems  were 
developed  for  the  first  time  in  1974  and  applied  for 
powerful  collection  of  positrons  from  the  target  in  the 
electron-positron  conversion  system  of  accelerator 
complex  VEPP-2  BINP  [1],  In  1979-1984  years  the 
longer  lenses  for  protons  focussing  to  the  target  [2]  and 
for  antiprotons  collection  in  the  FNAL  antiproton  source 
[3]  were  created.  Later  in  1989  the  lens  for  applying  in 
antiproton  complex  ACOL  CERN  [4]  was  created,  also. 
The  value  of  magnetic  field  at  the  surface  of  lithium 
cylinder  didn’t  exceed  10  T  in  these  lenses.  Last  time 
owing  to  development  of  muon  colliders  projects  the 
problem  of  creation  of  long,  in  the  order  of  1  m  and 
more,  lithium  lenses  has  appeared.  Such  lenses  are 
proposed  to  be  used  as  current  degraders  in  the  systems 
of  ionization  muon  cooling.  In  this  case  the  question  of 
getting  15-20  T  magnetic  field  at  the  surface  of  the 
lithium  cylinder  is  appeared. 

The  value  of  magnetic  field  in  such  systems  is  limited 
by  mechanical  strength  of  elements  of  the  lens  structure, 
taking  up  forces  caused  by  passing  of  pulsed  current 
through  the  lithium  cylinder  and  thin  wall  titanium  shell. 
There  are  two  sources  of  mechanical  stresses  in  the 
system.  One  of  them  is  the  pressure  of  magnetic  field 
compressing  the  lithium  current-carrying  conductor  and 
transmitting  to  the  beryllium  windows  of  the  lens.  The 
maximum  value  of  this  pressure  corresponds  to  the 
maximum  of  sine  current  pulse  passing  through  the 


lithium  rod  and  depends  quadratically  on  the  value  of 
magnetic  field.  At  10  T  magnetic  field  the  magnetic 
pressure  is  PM  =  400  atm.  The  second  source  of 
mechanical  stresses  is  the  pressure  caused  by  thermal 
expansion  of  lithium  during  the  fast  pulse  heating.  This 
pressure  reaches  it’s  maximum  at  the  end  of  current 
pulse  and  transmits  both  to  the  ends  of  the  lens  and  to  the 
thin  wall  titanium  shell  around  lithium  rod.  The  value  of 
this  pressure  is  strongly  dependent  on  the  real  lens 
construction  and  is  defined  by  equation: 


P  = 


cc-T 


x- 


1  +  3. 

.  V 


R  _2_ 
A  Er, 


(1) 


where  a  =  1.8  - 10-4  deg-1  -  the  coefficient  of  volume 
thermal  expansion  of  lithium,  xsoi  -  9-10"6  cm2/kG  - 
the  compressibility  of  lithium,  £77  =  1.13-106  kG/cm2  - 


the  elasticity  modulus  of  titanium,  R  -radius  of  lithium 
cylinder,  A  -  the  thickness  of  thin  wall  titanium  shell, 
V0  -  volume  of  heated  part  of  lithium,  Vh  -  volume  of 
non-heated  part  of  lithium  at  the  region  of  current  inputs. 

Mechanical  stresses  in  the  wall  of  titanium  shell  are 
defined  by  the  expression: 


a  - 


a-T 


V 


(2) 


Fig.  1 .  BINP  solid  lithium  lens  with  elastic  shell. 


1  -  water  supply;  2  -  retaining  bolts;  3  -  titanium  body  of 
the  lens;  4  -  steel  body  of  the  lens;  5  -  collecting  contact; 
6  -  beryllium  windows. 
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The  lens  in  Fig.  1  has  a  free  external  surface  of 
titanium  shell,  flown  by  cooling  water.  The  shell  in  this 
case  is  the  basic  elastic  element  of  the  construction, 
taking  up  thermal  expansion  of  lithium  and  reducing  the 
pulse  pressure  in  the  system. 

The  lens  in  Fig.  2  has  a  rigidly  supported  external 
surface  of  titanium  shell  and  the  role  of  single  elastic 
element  of  the  construction  plays  the  compressibility  of 
lithium  -  Xsoi . 


Fig.  2.  CERN  solid  lithium  lens  with  rigidly  supported 
shell. 


1-  cooling  inlet  channels;  2  -current  contacts;  3  -  silicon 
nitride  spheres;  4  -stainless  steel  container;  5  -  titanium 
window;  6  -lithium  rod,  7  -steel  housing. 


The  non-heated  buffer  volumes  play  important  role  in 
mechanical  behavior  of  the  lens.  The  compressibility  of 
this  volumes  takes  up  the  thermal  expansion  of  lithium  at 
the  pulsed  heating  of  cylindrical  operational  part  of  lens 
V0  and  reduces  the  pressure  in  the  system.  However,  it’s 
impossible  to  use  buffer  volumes  effectively  in  lenses 
with  solid  lithium  because  owing  to  high  viscosity  of 
solid  lithium  after  it’s  compression  in  buffer  volumes  the 
system  returns  to  the  stationary  pressure  distribution 
slowly  and  the  relaxation  time  is  several  tens  of  seconds 
[5].  The  use  of  buffer  volumes  in  this  case  is  even 
dangerous  because  it  can  results  in  unrestored  to  the  next 
cycle  breaking-off  of  operational  part  of  lithium  from 
titanium  shell.  So,  in  lenses  with  solid  lithium  it’s 
necessary  to  consider  Vb/V0  -»0  and  then  in  a  “rigid” 

(X  T 

construction  the  pressure  value  will  be  P  = - 

X sol 

The  uniform  current  density  in  the  lens  cross-section 
is  reached  at  pulse  duration  corresponding  to  S/R  »  0.7 , 

where  5  -  is  a  thickness  of  flat  skin-layer  in  lithium.  In 
this  case  the  average  temperature  in  the  cross-section  of 
lithium  rod  per  pulse  will  be  T  =  60°  at  H  =  10  T  and 
the  pressure  in  a  “rigid”  construction  will  reach 
Pr  =  1200  atm. 

In  the  elastic  structure  with  free  surface  of  thin 
titanium  shell  the  pressure  value  will  be  significantly  less 


Pel  = - - — —  =  370  atm ,  but  mechanical  stresses  in 

A  2 

x+ 

A  ETi 

the  wall  equal  in  this  case  to  a  =  P-  R/ A  will  be 
£7  =  3700  kG/cm2  -  close  to  the  strength  limit  of 
titanium  at  multiple  cyclic  loads.  Therefore  in  lenses  with 
solid  lithium  the  field  value  10  T  is  apparently  ultimate. 

The  only  possibility  to  create  lenses  with  15^20  T  field 
is  transition  to  the  lens  constructions  with  liquid  lithium. 
The  advantages  of  liquid  lithium  are  defined  mainly  by 
two  factors.  The  first  one  is  possibility  to  use  buffer 
volumes  effectively.  The  pressure  relaxation  times  in 
lenses  with  liquid  lithium  are  comparable  with  sound 
propagation  time  in  the  system,  so  the  value  of  buffer 
volumes  working  effectively  can  be  chosen  Vb/V0  =  5-=-6. 
Moreover,  liquid  lithium  has  a  significantly  bigger 
compressibility  %liq  =  50-10"6  atm"1.  Thus,  we’ll  obtain 

factor  ~30  in  expression  (1)  reducing  the  pressure  in  the 
system  caused  by  thermal  expansion  of  lithium  to  several 
tens  of  atmospheres.  So,  this  pressure  can  be  neglected. 

One  variant  of  the  lens  design  with  liquid  lithium  is 
performed  in  Fig.  3.  Since  there  is  no  water  cooling  in 


Fig.  3.  Lens  with  liquid  lithium. 


1  -  lithium  rod;  2  -  thin  wall  titanium  shell;  3  -  thick 
wall  pipe;  4  -  buffer  volume;  5  -  liquid  lithium  input;  6  - 
hydrodynamical  dampers;  7  -  current  input;  8  -  retaining 
bolts;  9  -  insulation  gap;  10  -  weld;  11  -  beryllium 
windows. 

the  system,  realized  in  case  of  solid  lithium  through  the 
thin  titanium  shell  (2)  it  [shell]  is  rigidly  supported 
through  the  ceramics  insulation  on  the  thick  wall  pipe 
(3),  limiting  buffer  volumes(4).  Input  and  output  (5)  of 
liquid  lithium  is  realized  through  the  hydrodynamical 
dampers  (6),  preventing  the  compression  wave  expansion 
from  buffer  volumes  into  the  pumping  and  cooling 
system. 

The  important  source  of  mechanical  stresses  in  the  lens 
is  pulse  pressure  of  magnetic  field  in  current  inputs  (7).  It 
is  applied  in  the  insulating  gap  (9)  to  two  halves  of  the 
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lens  body  and  transmits  to  retaining  bolts  (8).  Full 
magnetic  field  force  passing  to  the  bolt  is  expressed  as 
=  2tt  •  In  r,  /r0  ,  where  PM  -  pressure  of  magnetic 
field  at  the  surface  of  lithium  cylinder  with  radius  r0 , 
rt  -  outer  diameter  of  the  lens  body,  where  the  current 
contact  is  performed.  In  given  geometry  at  10  T  field 
Fy  =  5000kG  The  retaining  bolts  must  provide  the 
preliminary  longitudinal  compression  of  the  construction 
with  the  force  Fc  >  FM  to  avoid  opening  of  joint  into 
insulation  gap  (9).  If  Fc  <  FM  the  magnetic  field  force 
will  be  transmitted  to  the  weld  (10)  between  the  thick 
wall  support  cylinder  (3)  and  thin  wall  titanium  shell 
(2).  This  shell  is  the  most  responsible  element  of  the 
construction,  defining  the  reliability  of  the  lens  operation. 

If  one  can  provide  an  absolutely  rigid  longitudinal 
compression  of  the  lens  bodies  ,  the  only  source  of 
stresses  in  the  weld  end  joints  of  the  thin  wall  titanium 
shell  of  the  lithium  cylinder  would  be  its  longitudinal 
thermal  expansion  at  the  lens  pulse  heating.  These 
stresses  are  the  basic  limit  of  the  shell  long  term 
operation.  With  the  shell  heating  up  to  temperature  AT  at 
the  points  of  its  rigid  welding  the  compression  stresses 
a  =  Eri-K-AT  will  occur  where  K=8-106  is  the 
coefficient  of  its  thermal  expansion  of  titanium.  The  shell 
heating  occurs  in  two  stages.  When  passing  through  lens 
a  fraction  of  the  current  pulse  goes  along  titanium 
causing  the  fast  pulse  heating  of  the  shell  up  to 

temperature  TTl  =  Tu  •  ^ u  .  In  order  to  reduce 

Pti  '  CTi  '7  Ti 

the  fraction  of  current  branched  to  titanium  and  pulse 
heating  value  to  their  minima  the  shell  is  made  of  the 
VT6  titanium  alloy  with  the  specific  resistance 
pTl  =  140-10  6  Ohm- cm.  At  the  specific  resistance  of 
liquid  lithium  pu  =  30-10  6  Ohm-cm  the  titanium 
heating  is  Tn  *  0.157^ 

At  the  lens  surface  field  of  10  T,  the  lithium  pulse 
heating  is  AT  «  60°  and  it  grows  quadratically  with  an 
increase  in  a  field.  In  this  case,  the  titanium  pulse 
heating  is  AT  «  10°  and  mechanical  stress  occurred  in  a 
shell  does  not  exceed  cr«  150  kG/cm2  However,  after 
the  fast  pulse  heating  similar  to  thermal  shock  the 
titanium  temperature  will  grow  due  to  thermal 
conductivity  up  to  the  lithium  temperature.  This  heating 
will  result  in  the  stress  raise  up  to  cr«  400  kg/cm2  . 
With  an  increase  in  the  field  even  up  to  20  T  these 
stresses  can  not  reach  those  ultimately  admissible  for 
titanium  fatigue  stresses  during  the  tens  million  cycles  of 
the  lens  operation. 

So,  in  lenses  with  liquid  lithium  the  only  fundamental 
limitation  of  magnetic  field  value  is  the  pressure  caused 
by  magnetic  field  compression  of  current-carrying 
lithium  cylinder  transmitting  to  the  face  windows  with 


beryllium  inserts  (11).  At  20  T  field  this  pressure  reaches 
PM  =  1600  atm  thus  the  close  consideration  of  strength 
properties  of  beryllium  inserts  is  required. 

The  disadvantage  of  construction  of  the  lens  with 
liquid  lithium  is  the  necessity  to  create  a  high  static 
pressure  in  lithium  contour  (~300  atm.)  It’s  connected 
with  the  increased  compressibility  of  liquid  lithium.  This 
static  pressure  must  compensate  partially  the 
compression  of  lithium  rod  by  magnetic  field  which  can 
result  in  separation  of  lithium  rod  surface  from  titanium 
shell.  It  is  not  evident  that  this  effect  is  destructive  and  it 
must  be  a  subject  for  the  experimental  investigation. 

The  use  of  liquid  lithium,  pumped  through  the  lens 
allows  us  to  solve  problem  of  removal  of  power  releasing 
in  lithium  rod  and  provide  the  lens  operation  at  higher 
frequency  of  cycles  up  to  15  Hz,  discussed  in  projects  of 
muon  colliders. 

Lenses  with  liquid  lithium  were  developed  and  tested 
at  BINP  in  1987  [6]  for  the  first  time. 

Now  the  liquid  lithium  lens  for  the  FNAL  antiproton 
source  (Fig.  3)  has  been  created  and  the  investigations  of 
behavior  of  elements  of  liquid  lithium  contour  in  regimes 
of  cyclic  loads  at  field  values  up  to  13  T  are  being  carried 
out  at  this  lens. 
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FINAL  STAGE  OF  MUON  BEAM  COOLING 


G.  I.  Silvestrov,  A.  N.  Skrinsky,  T.  A.  Vsevolozhskaya.BINP,  Novosibirsk,  Russia 


Abstract 

We  consider  the  final  stage  of  ionization  cooling  of  muons, 
realized  with  the  use  of  bent  current-carrying  lithium- 
beryllium  rods,  providing  an  optimum  correlation  between 
the  cooling  rates  in  all  tree  directions  and  minimum  value 
of  6-dimensional  emittance.  The  matching  of  lattice  func¬ 
tions  in  a  rod  with  those  in  accelerator  structure  is  consid¬ 
ered. 

I  INTRODUCTION 

The  final  stage  of  ionization  cooling  is  characterized  with 
reasonably  low  6-emittance  of  muon  bunches,  achievable 
by  very  small  magnitudes  of  betatron  functions  of  the  beam 
in  slowing  medium.  Meanwhile  the  relative  energy  spread 
in  a  beam  is  not  small,  being  equal  to  several  percents  even 
by  optimum  distribution  of  summary  decrement  between 
transverse  and  longitudinal  degrees  of  freedom.  This  cre¬ 
ates  a  problem  of  minimization  of  chromatic  aberration  ef¬ 
fect  by  matching  the  low-beta  focus  in  slowing  medium 
with  focusing  structure  of  rather  long-wave  accelerator 
units. 

2  TRANSFER  OF  COOLING  RATE  TO 
LONGITUDINAL  DIRECTION 

Bent  current-carrying  lithium-beryllium  rods  join  in  itself 
the  functions  of  efficient  focus  and  of  degrader,  necessary 
for  transverse  ionization  cooling,  and  create  a  dispersion 
function,  providing  the  longitudinal  cooling  -  when  corre¬ 
lated  with  transverse  gradient  of  electron  density  in  slowing 
matter  -  on  account  of  redistribution  of  cooling  decrement 
between  transverse  and  longitudinal  directions.  The  por¬ 
tion  of  decrement,  transferred  to  longitudinal  direction,  is 
defined  as  AS  =  S0ip  (77  +  .  Here  60  is  transverse  decre¬ 

ment,  equal  to  ratio  £/pv,  with  £  standing  for  mean  rate  of 
ionization  loss  of  energy,  £  =  —  ^ ;  ip  denotes  dispersion 
function,  rj  —  A-  -  relative  value  of  electron  density 
gradient,  and  R  is  the  bend  radius.  Full  expression  for  lon¬ 
gitudinal  decrement  reads: 

si  =  £'  +  so  (v  +  . 

where  £'  is  a  derivative  of  mean  rate  of  ionization  loss  with 
respect  to  particle  energy.  It  represents  the  natural  longitu¬ 
dinal  decrement.  In  energy  region  of  logarithmic  grow  of 
loss  rate  the  value  of  £'  hardly  achieves  7%  of  transverse 
decrement,  while  below  pc  ~  400  Mev,  where  it  is  nega¬ 
tive  ,  its  absolute  value  |  f'  2  (L,  ~  25  H-  30 


is  the  logarithmic  factor  in  expression  for  mean  rate  of  ion¬ 
ization  loss  of  energy)  is  growing  fast  with  energy  decrease 
and  becomes  equal  to  ~  0.9do  at  momentum  ~100  MeV/c. 
Thus,  the  energy  of  cooling  is  defined  by  a  magnitude  of 
product  ipT]  we  can  create. 

We  consider  two  ways  of  creation  of  electron  density 
gradient  in  current-  carrying  rods.  In  first  (see  fig.  1  a) 
the  rod  is  composed  of  wedge-shape  parts  of  two  different 
metals  [1].  One  is  the  lithium,  and  another  -  the  beryllium 
alloy  with  the  same  electrical  conductivity  as  lithium.  The 
relative  gradient  of  electron  density  in  such  rod  is  found 
as:  7?  =  —  n*lg;  ~n‘'L* ,  where  rn  is  a  rod  radius.  Disper- 

sion  function  in  bent  rod  is  equal  to  ip  =  r0  jg r2-,  where 
Ho  is  bending  field  and  Hm  -  the  focusing  one,  defined  as 
Hm  —  r0^jr.  By  equal  each  other  magnitudes  of  above 
fields  the  value  of  ip  is  simply  equal  to  r0,  and  product 
nip  -  to  -nip  =  nS'B,  '2zL~LL ,  that  is  to  ~  0.56.  The  ratio 


Figure  1:  Two  geometries  of  bent  lithium-beryllium 
current-carrying  rod. 

ip/R  =  r0/R  adds  to  this  a  value  of  the  order  of  0.1,  so 
the  longitudinal  decrement  is  equal  to  <Jy  =  £'  +  0.66do. 
This  provides  the  positive  value  of  longitudinal  decrement 
by  beam  momentum  above  140  Mev/c. 

Another  way  of  creation  of  electron  density  gradient 
consists  in  insertion  of  thin  beryllium  wedges  between 
sections  of  lithium  carrent-carrying  rods  (see  fig.  1  b). 
Wedge  length  A l  (by  the  bottom)  can  not  exceed  ~  0.2  of 
lithium  section  length  l  without  sufficient  violation  of  fo¬ 
cusing  structure,  which  restricts  an  effective  77  by  a  value: 

-  7;  2n^'i+n?lB;Ai  ^  °-26-  This is  sufficiently  less 
the  value  got  in  first  case,  however  this  reduction  can  be 
compensated  by  means  of  enlarging  of  dispersion  function 
magnitude  at  wedges.  This  is  achieved  by  a  special  config¬ 
uration  of  bent  rod,  providing  the  parallel  shift  of  a  beam 
between  the  wedges.  With  phase  advance  of  free  particle 
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oscillations  between  two  subsequent  wedges  equal  to  220° 
-240°,  the  absolute  value  of  ip  at  wedges  is  increased  by 
3  -3.5  times.  This  permits  to  get  the  product  ipi)  equal  to 


~  0.8  ±  0.9. 


3  ULTIMATE  VALUE  OF  NORMALIZED 
6-EMITTANCE 


An  optimum  relation  between  the  transverse  and  longitu¬ 
dinal  decrements  by  cooling  in  current-carrying  rods  with 
restricted  value  of  maximum  field  at  the  rod  surface,  de¬ 
fines  the  longitudinal  decrement  as  equal  to  one  fourth  of 
the  sum  decrement  of  ionization  cooling  8S  —  2 S0  +  £',  i.e. 
S\°pt)=6J  2 +  €74. 

In  the  wedge-rod  scheme  the  optimum  value  of  <S|(  is 
achieved  with  A l /l  =  0.13  by  cooling  at  200  MeV/c  mo¬ 
mentum. 

Dependence  of  an  ultimate  value  of  normalized  6- 
dimensional  emittance  on  energy  is  defined  by  a  factor 
~  [2].  It  is  minimum  at  pc  =  lOOMeV/e,  where 

the  value  of  ef5*M  is  estimated  as: 


,(«) 

eult,N 


cm3 


in  dependence  on  maximum  focusing  field  Hm,  acceler¬ 
ation  rate  ee,  and  wave  length  of  accelerating  voltage  A. 
With  Hm  =  10T,  A  =  10  cm,  and  eeeff  =  1.2  MeV/cm 
one  gets:  N  ~  1.2  •  10~6  cm3  . 

At  particle  momentum  200MeV /c  and  with  more  mod¬ 
erate  accelerator  parameters  -  A  =  30cm  and  eeeff  = 
0.5MeV/cm  -  this  value  is:  ~  4.0  ■  10-6  cm3  . 

Cooling  of  ~  200  MeV/c  momentum  muons  in  a  system, 
composed  of  bent  lithium  rods  and  beryllium  wedges  of 
0.13  relative  length,  is  illustrated  in  figure  2. 

Curves  1  and  2  show,  accordingly,  the  radial  and  axial 
normalized  emittances  in  MeV/c  cm  and  3  -  the  longitudi¬ 
nal  emittance  in  MeV  cm  versus  the  number  of  degrader- 
accelerator  cells.  Thin  lines  present  the  numerical  solution 
with  the  use  of  kinetic  equation,  thick  ones  -  the  result  of 
simulation  with  Moliere  formulae,  used  for  the  Coulomb 
scattering  angle  distribution,  and  Vavilov  formulae  -  for 
straggling  of  energy  loss. 

Dashed  line  shows  the  ratio  Rt  of  rod  radius  to  maxi¬ 
mum  r.m.s.  particle  coordinate,  got  by  the  numerical  solu¬ 
tion,  while  dashed  squares  at  figure  bottom  show  the  par¬ 
ticles  (from  100  initial),  found  lost  by  simulation.  Both 
dipole  and  maximum  focusing  fields  are  taken  equal  to  10T, 
acceleration  rate  -  to  0.5  MeV/cm,  and  A  -  to  30  cm.  The 
initial  r.m.s.  momentum  spread  is  ±4.5%  and  longitudinal 
coordinate  -  ±lcm. 

The  rod  radius  is  gradually  reduced  with  beam  cooling 
from  ~  8  mm  down  to  ~  3.5  mm,  which  provides  with  al¬ 
most  constant  value  of  Rt,  equal  to  ~  2.5(ro  =  3.5crj_). 
The  rod  length  is  also  decreased  in  proportionality  with 
y/r0  to  keep  constant  value  l/tpo  =  |7r.  The  energy  loss 


Figure  2:  Cooling  of  200  MeV/c  muons. 


per  cell  is  about  30  MeV  in  the  beginning  and  about  20 
MeV  in  the  end. 

The  final  radial  emittance  is  more  than  two  times  larger 
than  the  axial  one,  which  proves,  that  more  than  half  of  ra¬ 
dial  decrement  is  transferred  to  the  longitudinal  direction. 
The  initial  longitudinal  emittance  is  taken  close  to  the  equi¬ 
librium  value  and  thus  only  slightly  decreases  with  cooling. 

The  magnitude  of  normalized  6-dimensional  equilibrium 
emittance,  got  in  the  end  of  40-cell  cooling,  is  equal  to  ~ 
4.5  •  10~6cm3  in  good  accordance  with  analytic  estimation. 

4  COMPENSATION  OF  LINEAR 
CHROMATICITY  BY  ACCELERATION 

To  get  the  defined  above  ultimately  small  normalized  6- 
emittance  of  muon  beam  there  has  to  be  solved  a  problem 
of  minimization  of  chromaticity  of  focusing  by  accelera¬ 
tion  between  the  degrading  sections  being  the  necessary 
part  of  ionization  cooling  scenario. 

Such  minimization  is  achieved  by  compensation  of  lin¬ 
ear  component  of  chromaticity,  as  it  is  considered  below. 

The  transverse  mean  square  beam  characteristics  by  ac¬ 
celeration  are  defined  with  equations: 

d(r 2)  2p{r9)  =  Q 

dy  ee0 

dp(r9 )  p2{e2)  |  ke[tp2{r2)  Q 

dy  ee0  es0 
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dp2(02)  j  2k«P3(r8)  Q 
dy  ee0 

Here  r  and  0  are  2- vectors  of  transverse  coordinate  and  an¬ 
gle,  accordingly,  y  stands  for  particle  rapidity  y  = 

E  and  p  are  energy  and  momentum,  and  velocity  of  light  is 
put  equal  to  1 ;  eso  denotes  the  acceleration  rate,  and  fceff  - 
the  focusing  strength,  defined  by  means  of  derivative  of  an¬ 
gle  with  respect  to  longitudinal  coordinate  as  keffr  =  —  - 

Let  us  consider  the  focusing  strength  to  be  of  quadratic 
dependence  on  particle  momentum,  kett  oc  1  /p2,  and  about 
uniformly  distributed  through  the  length  of  acceleration. 
Such  a  focusing  can  be  really  created  with  the  use  of  con¬ 
tinuous  train  of  short  quadruples1  with  accelerator,  placed 
in  their  aperture  (see  fig.  3).  The  focal  distance  of  short  FD 
pair  /  is  about  equal  to  grp  with  k  =  e~g /pc  and  l  being 
a  length  of  quadrupole  unit.  The  effective  value  of  is 
thus  equal  to  ~  ^j,  and  fcetf  =  k2l2/ 2. 


1.3— short  sol.>noi<lal  lenses  with  field  up  to  25T; 
2-quadrupole  (belie)  tract. 


Figure  3:  Scheme  of  beam  focus  between  degraders. 

Solution  of  system  (1)  reads: 

(r2)  =  (r2)  cos2  uj(y  -y0)  +  sin2  w(y  -  y0) 

(rd)p  =  sin  2 u(y  -  y0 )  (2) 

(e2)p2  =  (02)p2  cos2 u{y  —  y0)  +  «(r2)  sin2  w(y  -  y0) 

with  k  =  kefSp2,  and  u>  =  p/p.  Here  we  neglected  the  value 
of  (r0  0o ) ,  which  is  small  in  current-carrying  rod. 

To  get  a  small  betatron  function  at  entrance  to  next 
lithium  rod  the  phase  advance  u>{y  —  y0)  is  to  be  chosen 
equal  to  7r  (or  2tt  and  so  on),  which  defines  the  necessary 
value  of  k  by  fixed  acceleration  rate.  On  acceleration  from 
~170  up  to  200  MeV/c  (y  —  y0  =  0.14)  with  phase  ad¬ 
vance  equal  tt  and  acceleration  rate  ee0  to  ~  0.5  MeV/cm, 
the  value  of  k  is  ~  126  MeV2/c2  cm2. 

The  magnitudes  (r2)  and  (02)  at  accelerator  exit  in  lin¬ 
ear  approach  do  not  depend  on  particle  energy  deviation. 
Aberrational  effect  manifests  itself  only  through  (r6).  It  is 
proportional  to  a  difference  {02)p2  —  fc(r2),  which  is  not 

'  'Technologically  preferable  looks  the  helical  quadrupole  tract 


small  as  far  as  k  is  much  less  than  corresponding  magni¬ 
tude  in  a  rod:  n  «  p2//32.  In  result,  the  value  of  5(r9)  at 
accelerator  exit  is  rather  large.  In  following  lithium  rod  it 
gives  rise  to  oscillating  addition  to  betatron  function: 

e£o  P  \  V  ) 

with  amplitude,  being  of  the  order  of  or  even  exceeding  the 
value  of  /30  by  Sp/p  equal  to  several  percents. 

This  makes  evident  the  necessity  of  matching  lens  to  be 
inserted  between  the  lithium  rod  and  accelerator.  Such  a 
lens,  making  the  tt/2  transformation  with  focal  distance 

f0  =  ^ j  ,  will  provide  zero  value  of  (rO)  by  accel¬ 

eration.  Simultaneously  a  lens  with  focal  distance  f  = 

■\J put  after  accelerator,  will  match  the  beam 
with  focus  in  next  rod. 

Thus  the  linear  chromaticity  of  focusing  by  acceleration 
is  compensated.  This,  however,  does  not  mean  the  compen¬ 
sation  of  chromatic  aberration,  but  the  trajectory  of  aberra¬ 
tional  displacement  of  particle  coincides  in  lenear  approach 
with  transverse  phase  trajectory. 

The  matching  lenses  also  make  contribution  to  the  aber¬ 
rational  effect.  With  account  for  this  made,  the  necessary 
value  of  f0  is  defined  as: 


where  v  stands  for  a  power  of  matching  lens  focal  distance 
dependence  on  particle  momentum:  /„  oc  p".  The  value  of 

/  is  found  as  /  =  f0  . 

By  p0  =  170  MeV/c  and  p  =  200  MeV/c,  ee0  —  0.5 
MeV/cm,  (30  =  2  cm  and  u  =  2  the  magnitudes  of  /0  and 
/  are  equal  to  4.3  and  5.4  cm,  accordingly. 

The  lens  with  such  a  focal  distance  for  particles  of  ~  200 
MeV/c  momentum  is  a  problem.  It  can  not  be  the  lithium 
one  because  with  beta-function  of  beam,  exceeding  10  cm, 
the  multiple  scattering  in  lithium  will  result  in  beam  emit- 
tance  increase  by  ~  10%  of  equilibrium  value  in  each  lens. 

The  only  solution  seems  to  be  a  short  solenoidal  lens 
with  very  high  -  up  to  25  T  -  pulsed  magnetic  field. 

The  use  of  ’’linear”  systems  (  fc  oc  1  /p)  for  beam  fo¬ 
cusing  by  acceleration  would  evidently  give  an  advantage 
in  aberrational  effect  as  compared  to  the  ’’quadratic”  ones. 
As  such  a  ”linear”systems  the  plasma  lenses  can  be  consid¬ 
ered.  Having  the  focal  distance  linearly  dependent  on  parti¬ 
cle  momentum,  such  lenses  by  rather  moderate  parameters 
would  provide  an  efficient  focusing  with  minimum  chro¬ 
matic  aberration. 
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DAMPING  SPURIOUS  HARMONIC  RESONANCES  IN  THE  APS  STORAGE 

RING  BEAM  CHAMBER* 

Y.  Kang.  G.  Decker,  and  J.  Song,  ANL,  Argonne,  EL 


Abstract 

The  APS  storage  ring  beam  chamber  has  been  storing 
the  beam  up  to  100  mA  successfully.  However,  in  some 
beam  chambers,  spurious  signals  corrupted  the  BPM 
outputs.  The  cause  of  the  unwanted  signals  was 
investigated,  and  it  was  found  that  transverse  electric  (TE) 
longitudinal  harmonic  resonances  of  the  beam  chamber 
were  responsible.  The  beam  chambers  have  small  height 
in  the  area  between  the  oval  beam  chamber  and  the 
antechamber.  The  structure  behaves  like  a  ridge 
waveguide  so  that  the  cut-off  frequency  of  the  waveguide 
mode  becomes  lower.  The  pass-band  then  includes  the 
frequency  around  350  MHz  that  is  important  to  the  beam 
position  monitors  (BPMs).  The  spurious  harmonic 
resonances  are  damped  with  two  types  of  dampers  to 
restore  the  useful  signals  of  the  BPMs;  coaxial  loop 
dampers  and  lossy  ceramic  slab  loading  are  used. 

1  INTRODUCTION 

Since  the  commissioning  of  the  Advanced  Photon  Source 
in  1995,  significant  progress  has  been  made  in  the  area  of 
beam  stabilization  [1,2].  A  mystery  that  has  only  recently 
been  solved  was  connected  with  the  observation  that 
systematic  errors  in  beam  position  monitor  (BPM) 
readbacks  have  historically  been  an  order  of  magnitude 
greater  for  vertical  readbacks  than  for  horizontal. 
Considering  that  the  BPM  monopulse  rf  receiver 
electronics  multiplexes  between  horizontal  and  vertical 
readings  on  alternate  turns,  and  that  the  horizontal  and 
vertical  difference  signals  are  computed  in  real  time  by  rf 
hybrids  in  the  tunnel,  it  was  difficult  to  attribute  the 
observations  to  an  electronics  malfunction. 

After  a  substantial  effort  to  exonerate  the  electronics  as 
the  culprit,  including  various  combinations  of  cable 
swapping,  other  causes  were  investigated.  Among  these 
was  a  suspected  mechanical  instability  in  the  storage  ring 
vacuum  chamber  (Figure  1).  Certain  misbehaving  units 
demonstrated  step-like  behavior  at  the  150-micron  scale. 
A  dial  indicator  with  remote  camera  display  was  used  in 
several  arrangements  to  show  that  the  sudden  step  change 
in  vertical  BPM  readback  was  not  correlated  with  vertical 
vacuum  chamber  motion.  At  wit’s  end,  a  network 
analyzer  was  used  to  measure  the  transmission  of  rf 
power  in  the  frequency  band  near  the  ring  rf  frequency  of 
35 1 .93  MHz,  from  one  end  of  the  suspect  chamber  to  the 
other  using  the  BPM  pickup  electrodes  mounted  at 
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Figure  1 :  Storage  ring  vacuum  chamber  cross  section 
(dimensions  shown  are  inches) 


opposite  ends  of  the  vacuum  chamber.  It  has  been  known 
that  the  cut-off  frequency  for  the  storage  ring  vacuum 
chamber  was  above  1  GHz  for  TM  modes,  well  outside 
the  20-MHz  band  centered  on  352  MHz  where  the  rf 
BPMs  are  sensitive.  The  result  of  the  measurement, 
however,  was  that  several  resonance  lines  with  Qs  of  the 
order  of  1000  were  discovered  near  352  MHz. 
Simulations  indicated  that  these  “rogue”  microwave 
modes  were  similar  to  TE01  waveguide  modes.  The 
electric  field  for  these  modes  is  oriented  vertically  with 
magnetic  field  lines  circulating  parallel  to  the  beam  in  the 
beam  chamber  (the  left-hand  portion  of  Figure  1)  and 
returning  back  on  the  right  hand  portion  of  the  chamber 
(the  antechamber),  where  nonevaporable  getter  (NeG) 
vacuum  pumping  strips  are  mounted.  The  vertical 
electric  field  orientation  explained  why  only  vertical  BPM 
readbacks  were  affected. 

The  chamber  design  and  rf  analysis  for  beam-induced 
transverse  magnetic  (TM)  modes  appeared  in  Refs.  [3][4]. 
Because  the  beam  chamber  and  antechamber  are 
connected  through  a  narrow  channel  with  a  small  height, 
the  vacuum  chamber  resembles  a  ridged  waveguide.  The 
area  with  a  small  height  introduces  a  large  capacitive 
loading  that  lowers  the  cut-off  frequency  for  TEOl-like 
modes  of  the  chamber  in  comparison  to  a  rectangular 
waveguide  having  the  same  width. 

Investigations  of  damping  systems  to  suppress  the 
unwanted  resonances  in  the  chambers  without  major 
mechanical  modification  were  conducted.  Computer 
simulations  and  bench  measurements  were  made  to  find 
an  optimal  solution.  The  use  of  matched  load  terminated 
coaxial  loop  antennas,  lossy  ceramic  tiles,  and  the 
introduction  of  shorting  bars  inside  chambers  were 
considered.  Because  shorting  bars  would  intercept 
synchrotron  radiation  and  require  cooling,  only  the 
coaxial  dampers  and  lossy  ceramics  were  tested. 
Measurements  with  beam  were  conducted  using  the 
coaxial  damper  option. 
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2  SIMULATION 

The  wavelength  in  a  hollow  waveguide  satisfies  the 
relationship: 

f=c[i+(xg/\)2r/xg 

where  c  is  the  speed  of  light  in  free  space,  kc  is  the  cut-off 
wavelength,  and  A.g  is  waveguide  wavelength.  Using 
chamber  length  L  =  4.81  m  and  A,g  =  2L/N  (N=l,2,3....), 
the  resonance  frequencies  can  be  estimated.  The 
chambers  showing  the  largest  effect  are  slightly  curved, 
and  are  installed  in  the  gap  of  the  storage  ring  dipole 
magnets.  The  first  resonance  is  the  one  closest  to  the  cut¬ 
off  frequency  of  the  waveguide.  The  waveguide 
wavelengths  for  these  lower-order  modes  are  much  longer 
than  free  space  wavelengths. 

A  MAFIA  code  simulation  was  used  for  the  chamber 
model  to  check  the  harmonic  resonances  and  ensure  the 
damping  schemes  worked  properly.  Table  1  lists  the  first 
ten  excited  resonances  in  the  chamber.  The  structure  was 
approximated  as  a  straight  chamber  since  the  curvature  is 
small  compared  to  the  chamber’s  bending  radius.  The 
NeG  strips  were  not  included  in  the  simulations.  The 
results  show  that  the  frequency  spacing  increases  as 
predicted  above.  Three  matched-load  coaxial  probes 
mounted  in  the  antechamber  (right-hand  side  of  Figure  1) 
using  loop  antennae  mounted  in  existing  vacuum  ports 
were  simulated  with  results  also  shown  in  Table  1. 

Table  1:  Calculated  resonance  frequencies  and  Q-factors 
of  the  chamber  modes  without  and  with  the  coaxial 
dampers 


Bare  Chamber 

With  Three  Coaxial 
Dampers 

# 

Freq 

(MHz) 

Q 

Freq 

(MHz) 

Q 

1 

324.0 

3846 

310.4 

351 

2 

328.3 

3931 

313.9 

249 

3 

335.3 

4019 

323.3 

718 

4 

345.0 

4193 

332.6 

390 

5 

356.9 

4339 

343.2 

186 

6 

371.1 

4544 

357.7 

202 

7 

387.1 

4743 

373.6 

221 

8 

404.8 

4909 

390.7 

120 

9 

424.0 

5117 

407.7 

65 

10 

444.5 

5320 

426.5 

108 

The  simulation  showed  that  damping  with  coaxial 
probes  can  be  a  factor  of  -10  at  around  350  MHz.  This 
was  considered  helpful  but  not  sufficient  to  eliminate  the 
problem.  Therefore,  slabs  of  rf  absorbing  material  were 
used  in  the  chamber  slot  area  for  further  damping. 
Simulations  were  made  with  the  ceramic  material  to  see 
the  damping  performance  and  to  optimize  the  position  of 
the  slabs  inside  the  chamber. 


Table  2  gives  calculated  resonance  frequencies  and  Q 
factors  for  chamber  modes  in  the  presence  of  a  5  cm  x  5 
mm  x  25  cm  slab  of  lossy  dielectric  material  placed  in  the 
“slot”  region  of  a  vacuum  chamber  at  a  distance  d  from 
the  upstream  end.  This  portion  of  the  vacuum  chamber  is 
“shadowed”  from  synchrotron  radiation.  Note  that  the 
calculated  Q-factors  become  very  low  and  do  not  depend 
strongly  on  the  dimension  d.  Since  the  ceramic  damping 
dominates,  the  addition  of  coaxial  dampers  makes  very 
little  difference.  Also  note  that  the  lower  mode 
frequencies  become  even  lower  with  the  ceramic  slab 
loading. 


Table  2:  Calculated  chamber  resonance  frequencies  and  Q 
factors  in  the  presence  of  lossy  dielectric  slabs 


Ceramic  Damper, 
d=0.25m 

Ceramic  Damper 
d=0.5m 

# 

Freq 

(MHz) 

Q 

Freq 

(MHz) 

Q 

1 

132.6 

2.7 

131.7 

2.8 

2 

226.8 

2.8 

225.2 

3.0 

3 

327.5 

144.5 

327.6 

54.0 

4 

331.8 

13.2 

331.2 

5.86 

5 

335.9 

5.3 

335.3 

9.3 

6 

342.7 

18.5 

344.3 

36.0 

7 

353.9 

51.8 

357.0 

74.7 

8 

368.1 

86.7 

372.7 

103.3 

9 

384.6 

102.5 

391.0 

95.7 

10 

403.2 

81.5 

410.7 

37.8 

The  rf  absorbing  material  was  chosen  to  be  vacuum 
compatible,  stable,  and  efficient  for  damping.  Good 
thermal  conductivity  was  also  desired.  A  few  different 
types  of  lossy  dielectric  material  were  considered. 
Aluminum  nitrite  (AIN)  with  a  high  content  of  silicone 
carbide  (SiC)  was  chosen  for  its  properties  that  satisfy  the 
above  requirements.  The  most  important  material 
properties  for  our  application  are  summarized  in  Table  3. 


Table  3:  Mechanical  and  electrical  properties  of  the 
ceramic,  AIN  with  40%  SiC 


Thermal  Conductivity  (W/m°K) 

120 

Expansion  Coefficient  (lO'V’C) 

-4 

Dielectric  Constant  (e.) 

-30 

Loss  Tangent  (tan  8) 

-0.4 

3  MEASUREMENT 

Resonance  frequencies  and  Q  factors  in  a  spare  beam 
chamber  were  measured  and  compared  with  the 
simulation  values  shown  in  Table  1.  The  measurement 
was  repeated  with  the  addition  of  coaxial  dampers  on  the 
1.4”  antechamber  ports  of  the  spare  chamber.  A  vector 
network  analyzer  was  used  to  measure  transmission 
between  BPM  pickup  electrodes  mounted  at  opposite 
ends  of  the  chamber.  A  four-channel  rf  180-degree  rat- 
race  hybrid  was  used  at  one  end  of  the  chamber  to  drive 
the  top  two  button  pickups  out  of  phase  from  the  bottom 
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two,  coupling  to  the  vertical  electric  field.  The 
transmission  coefficient  S21  from  the  hybrid  “vertical” 
port  to  a  single  button  at  the  opposite  chamber  end  is 
shown  in  Figures  2  and  3.  The  peaks  of  the  coupled 
modes  are  not  constant  since  the  coupling  of  the  different 
modes  to  the  BPM  buttons  is  not  uniform. 

Note  that  the  calculated  Q  factors  are  much  higher  than 
the  measured  values  shown  in  Figure  2.  A  possible 
explanation  is  that  the  NeG  strips  were  not  included  in  the 
model.  The  NeG  strips  are  located  in  the  antechamber 
where  the  magnetic  field  dominates  so  that  the  surface 
loss  becomes  greater,  damping  the  resonances 
significantly.  Figure  3  shows  the  same  measurement  with 
two  coaxial  dampers  mounted  in  the  antechamber. 
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Figure  2:  Resonances  in  a  chamber  with  NeG  strips 
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Figure  3:  Resonances  in  a  chamber  with  two  coaxial 
dampers  and  NeG  strips 

Shown  in  Figure  4  is  a  single-bunch  beam  spectrum 
taken  from  the  vertical  difference  output  of  a  four- 
channel  rf  hybrid  connected  at  a  BPM  pickup  location 
where  this  mode  was  causing  severe  problems. 

A  single  bunch  was  used  because  of  its  extremely 
simple  spectrum,  namely  a  series  of  uniformly  spaced 


spectral  lines  of  equal  amplitude,  with  271 -kHz  spacing 
(the  APS  revolution  frequency).  The  two  data  sets  shown 
in  Figure  4  were  collected  five  months  apart,  the  control 
set  (top)  employing  a  broad-band  hybrid,  while  the 
“after”  data  set  (bottom)  used  the  standard  BPM  hybrid 
that  includes  a  20-MHz  bandwidth  bandpass  filter  on  the 
output.  The  degree  to  which  the  spectral  lines  in  the 
broad-band  data  differ  in  amplitude  is  a  measure  of  the 
impact  of  the  chamber  resonance.  The  feature  centered 
near  the  352-MHz  rf  frequency  was  responsible  for 
pathological  BPM  behavior  and  was  substantially 
suppressed  by  the  single  probe  installed  (the  other 
available  vacuum  ports  on  that  chamber  were  being  used 
for  vacuum  diagnostics). 


CO 
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Figure  4:  BPM  signal  without  dampers  (top),  and  with 
one  coaxial  damper  (bottom,  20  MHz  band  limited) 

4  CONCLUSIONS 

A  set  of  microwave  modes  that  are  present  in  APS 
vacuum  chambers  and  have  significant  impact  on  vertical 
BPM  performance  have  been  discovered.  Solutions  to 
damp  these  modes  include  coaxial  dampers  and  the 
introduction  of  lossy  dielectric  material.  The  coaxial 
damper  solution  has  been  successfully  employed  with 
beam;  however,  the  lossy  dielectric  approach  promises 
better  damping  of  more  modes.  Research  into  viable 
installation  configurations  is  ongoing. 
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Abstract 

The  Advanced  Photon  Source  (APS)  storage  ring  (SR) 
consists  of  long  rigid  vacuum  chambers  connected  by 
flexible  formed  bellows  components.  These  SR  bellows 
and  additional  diagnostic  chambers  are  designed  with  leaf 
spring  beryllium-copper  (Be-Cu)  alloy  contact  fingers  that 
insert  into  mating  rigid  sleeves  to  function  as 
electromagnetic  shields.  The  shields  protect  the  bellows 
convolutions  from  particle  beam  image  currents  and  rf 
energy  and  reduce  beam-induced  rf  resonances  in  the 
diagnostics  chambers.  The  beam  aperture  of  the  shields  is 
approximately  the  same  as  that  of  the  beam  chambers  so 
that  the  beam  impedance  of  the  SR  is  minimized. 

The  bellows  shields  systems'  thermal  performance  has 
been  tested  and  is  monitored  during  APS  SR  beam 
operations.  Testing  included  infrared  radiometer  camera 
imaging  and  thermocouple  instrumentation  of  the  rigid 
sleeve.  Direct  results  indicate  that  the  liners  perform  well 
under  all  stored  beam  fill  loadings  through  and  including 
100-mA,  8-bunch  operations.  Maximum  temperatures  of 
the  bellows  liner  systems  are  typically  35-50°  Celsius 
during  standard  100  mAmp  stored  beam  fills  and  50-70° 
Celsius  during  fills,  producing  both  maximum  peak  and 
total  current  simultaneously.  The  indirect  observations  of 
ring  vacuum  levels  support  the  temperature  data. 

1  INTRODUCTION 

The  APS  SR  interchamber  bellows  and  diagnostic 
components  are  protected  from  particle  beam  image 


currents  with  Be-Cu  alloy  contact  fingers.  These  fingers 
function  as  leaf  spring  contacts  where  the  contact  force  is 
generated  from  the  deflection  of  the  fingers  as  a  flexible 
liner  is  inserted  into  a  mating  rigid  sleeve.  The  contact 
fingers  typically  span  the  bellows  convolutions,  and 
during  bake-out  the  fingers  flex  and  slide  within  mating 
rigid  sleeve  liner  components  to  accommodate  the 
temporary  chamber  expansions.  The  contact  fingers  are 
of  various  lengths,  widths,  and  thicknesses.  The  rigid 
sleeve  components'  outer  surfaces  are  either  exposed  to 
atmosphere  and  convection  cooled  (see  Figure  1)  or 
contained  completely  within  the  ring  vacuum  (see  Figure 
2).  This  paper  discusses  the  bellows  shield  systems' 
design,  testing,  monitoring,  and  performance  during  APS 
SR  beam  operations. 

2  BELLOWS  SHIELD  DESIGN 

In  selecting  the  contact  finger  material,  both  operational 
performance  and  process  temperature  compatibility  were 
considered.  For  the  APS,  the  Be-Cu  spring  alloy  UNS 
number  C17200  was  chosen  for  its  relatively  high 
electrical  and  thermal  conductivities  and  for  its  very  high 
yield  strength  that  is  not  affected  by  the  APS  bakeout 
temperature  of  150°  Celsius. 

The  flexible  bellows  shields  are  fabricated  from 
quarter-hard  Be-Cu  sheet  that  is  easily  worked  in  the  pre¬ 
hardened  condition.  The  Be-Cu  sheet  is  partially  slit  into 
contact  fingers  by  either  wire  electrical  discharge 
machining  of  the  0.036-inch-thick  material  or  chemical 
etching  of  material  up  to  0.020  inch  thick.  The  cut  finger 


Figure  1:  APS  SR  convection-cooled  shield  and  bellows  assembly 
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PUN  VIEW  CROSS  SECTION 


ELEVATION  VIEW  CROSS  SECTION 


Figure  2:  APS  SR  in-vacuum  shield  and  bellows  assembly 


stock  is  then  formed  to  the  shape  of  the  APS  SR  beam 
tube  aperture.  A  similar  aperture  is  machined  into  a 
copper  disk  that  is  used  both  to  support  the  contact  fingers 
and  to  capture  a  Be-Cu  coil-spring  gasket  that  ensures 
contact  between  the  bellows  shield  assembly  and  the 
adjacent  ring  vacuum  chamber  component  within  the 
vacuum  chamber  flange  enclosure.  The  two  items  are 
vacuum  furnace  brazed  to  form  the  typical  flexible 
bellows  shield  assembly.  After  brazing,  the  Be-Cu 
contact  fingers  are  fully  solution  hardened  by  heating  at  a 
temperature  of  315°  Celsius  for  two  hours. 

Specialized  flexible  shield  assemblies  employ  304 
stainless  steel  mounting  disks  with  the  flexible  shields 
attached  by  welding  or  screw  fasteners.  The  mating  rigid 
sleeve  components  are  fabricated  from  Inconel®  625  or 
316  stainless  steel.  The  Inconel®  rigid  sleeves  are  an 
integral  part  of  the  ring  bellows  vacuum  enclosure 
assemblies.  As  such,  the  exterior  of  the  Inconel®  rigid 
sleeves  is  in  direct  contact  with  air  and  is  convection 
cooled.  The  stainless  steel  rigid  sleeves  are  enclosed 
completely  within  the  vacuum  of  the  APS  SR,  and  are 
primarily  employed  in  the  shortest  bellows  applications. 

3  TEST  AND  MONITORING 

The  performance  of  both  of  the  bellows  shield  designs  has 
been  monitored  during  SR  beam  operations.  However, 
due  to  limited  cooling,  the  vacuum-enclosed  liner  systems 
have  been  extensively  tested  and  are  continuously 
monitored  during  APS  SR  beam  operations. 

Testing  included  infrared  radiometer  camera  imaging 
and  thermocouple  instrumentation  of  the  rigid  sleeve.  The 
test  set-up  is  shown  in  Figure  3.  The  infrared  radiometer, 
an  Inffametrics  PM200,  is  capable  of  both  thermal 
imaging  of  the  contact  fingers  and  rigid  sleeve,  and 
collecting  and  storing  actual  temperatures  of  the  items  in 
the  image.  A  calcium  fluoride,  (CaF2),  infrared- 
transparent  window  is  used  to  allow  the  imaging  of  the  in¬ 
vacuum  bellows  shield  components.  The  view  into  the 
window  is  shown  in  the  inset  of  Figure  3.  The  Be-Cu 
fingers  are  coated  with  graphite  to  increase  the  emissivity 


of  the  metal  surface  to  approximately  0.8.  The  radiometer 
is  protected  from  radiation  damage  by  a  lead  brick 
enclosure. 

The  optics  include  two  front-silvered  mirrors  in  a 
periscope  arrangement  in  addition  to  the  CaF2  viewport. 
The  thermocouples  are  type  K,  consisting  of  Chromel® 
and  Alumel®  wires.  The  thermocouple  junctions  are 
welded  to  the  exterior  of  the  rigid  sleeve.  Ten 
thermocouple  junctions  are  evenly  distributed  across  the 
lower  perimeter  of  the  rigid  sleeve  at  the  approximate 
location  of  the  spring  finger  contacts.  The  individual 
thermocouple  wires  are  insulated  with  binder-free 
fiberglass  insulation.  Two  five-pair  type-K  thermocouple 
feedthroughs  are  employed  to  extract  the  thermocouple 
voltage,  and  an  ion  gauge  is  employed  to  measure  local 
vacuum  levels.  The  infrared  radiometer  set-up  was  used 
during  one  maximum  peak  current  operation  studies 
period,  while  the  thermocouple  instrumentation  is  a 
permanent  installation. 


Figure  3:  APS  bellows  shield  test  assembly 
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4  RESULTS 

Results  indicate  that  the  liners  perform  well  under  all 
stored  beam  fill  loadings  through  and  including  100-mA, 
8-bunch,  7-GeV  operations.  During  the  maximum  peak 
current  studies  period,  the  operating  mode  was  primarily 
high  currents  singlets  fills.  The  highest  observed 
temperatures  were  observed  on  the  rigid  sleeve 
components  between  the  spring  finger  contacts  location 
and  the  base  of  the  sleeve.  This  was  observed  in  the 
infrared  imaging  of  the  bellows  shield  assembly  through 
the  CaF2  viewport.  Also  observed  is  the  expected  result 
that  the  peak  heating  occurs  at  the  minor  axis  of  the 
“elliptical”  bellows  shield  assembly  where  the  beam 
image  currents  are  the  largest. 

Maximum  temperatures  of  the  vacuum-enclosed 
bellows  shield  systems  are  typically  35-50°  Celsius 
during  standard  100-mA  stored  beam  fills,  and  50-70° 
Celsius  during  fills  producing  both  maximum  peak  and 
total  current  simultaneously.  Plots  of  the  bellows  shield 
thermocouple  data  for  the  typical  APS  SR  singlets  100- 
mA  fill  operations  are  shown  in  Figures  4  and  5;  the 
reference  beam-off  cold  temperature  for  this  data  is  28° 
Celsius.  This  data  shows  that  the  thicker  0.036-inch-thick 
Type  I  contact  fingers  ran  approximately  15°  Celsius 
cooler  than  the  0.020-inch-thick  Type  II  contact  fingers 
under  the  same  operating  conditions.  The  difference  is  a 
function  of  both  the  finger  contact  force  and  the  finger 
heat  conduction  area.  Previous  thermocouple 
measurements  of  the  temperature  of  the  convection 
cooled  Inconel®  rigid  sleeve  showed  no  significant 
heating.  Ion  pump  ring  vacuum  monitoring  supports  the 
temperature  data. 
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Figure  4:  APS  Type  I  bellows  shield  performance 
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5  CONCLUSIONS 

First  and  foremost  we  conclude  that  the  bellows  shields 
are  working  very  well  under  the  present  APS  SR  100-mA 
current  operations.  The  maximum  operating  temperature 
of  70°  Celsius  is  well  below  the  minimum  annealing 
temperature  of  176°  Celsius  of  the  Be-Cu  alloy.  At  this 
temperature  the  contact  fingers  can  be  expected  to  provide 
positive  contact  force  for  an  indefinite  period  of  time. 
The  indirect  vacuum  level  monitoring  and  beam  lifetime 
projections  support  this  conclusion. 

The  future  operating  goals  of  the  APS  SR  include 
continuous  stored  beam  top-up  and  higher  stored  beam 
currents  of  up  to  300  mA.  As  such,  some  improvements 
in  the  bellows  shield  design  are  being  considered.  The 
proposed  rigid  sleeve  modification  is  to  copper  plate  the 
stainless  steel  surface  to  reduce  the  electrical  resistance. 
The  thickness  of  the  copper  plating  will  be  0.0003-0.0005 
inch,  which  is  more  than  two  times  thicker  than  the 
0.00014-inch  copper  skin  depth  of  rf  electrical  currents 
generated  by  the  fundamental  frequency  of  the  352-MHz 
APS  SR  rf  power  system.  All  beam  image  current  and  rf 
resonant  current  resistive  heating  energy  is  expected  to  be 
deposited  well  within  this  skin  depth. 


Figure  5:  APS  Type  II  bellows  shield  performance 

The  proposed  modification  to  the  flexible  shield  is  to 
fabricate  the  spring  contact  fingers  from  Glidcop,  which 
is  alumina  dispersion  strengthened  copper.  Glidcop  has 
nearly  twice  the  electrical  and  thermal  conductivity  of  Be- 
Cu  and  is  much  less  susceptible  to  thermal  aging  and 
annealing.  These  improvements  are  being  implemented 
in  an  ongoing  machine  development  effort. 

Finally,  it  must  be  stated  that  the  convection-cooled 
bellows  shield  design  is  the  preferred  system  but,  due  to 
SR  real  estate  constraints,  it  is  not  always  an  option. 

6  ACKNOWLEDGEMENTS 

The  authors  would  like  to  acknowledge  Cathy  Eyberger 
for  her  assistance  in  preparing  and  editing  this  paper. 
We  would  like  to  acknowledge  Michael  Borland  and  Jim 
Stevens  for  their  help  in  data  collection  and  instrumentation, 
and  Kathy  Harkay  and  Louis  Emery  for  their  machine 
operations  during  the  APS  SR  bellows  shield  performance 
studies.  We  would  also  like  to  recognize  Jean_Marie  Lefebvre 
of  ESRF  for  the  collaborative  testing  of  APS  bellows  shields 
at  the  ESRF. 


3097 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Crossing  Intrinsic  Depolarizing  Resonances  in  ELSA  with  Pulsed  Betatron 

Tune  Jump  Quadrupoles 


C.  Steier,  W.  v.  Drachenfels,  F.  Frommberger,  M.  Hoffmann,  D.  Husmann,  J.  Keil, 

Bonn  University,  Germany; 

S.  Nakamura,  T.  Nakanishi,  Nagoya  University,  Japan;  H.  Sato,  T.  Toyama,  KEK,  Japan 


Abstract 

At  the  electron  stretcher  accelerator  ELSA  of  Bonn  Uni¬ 
versity  an  external  fixed  target  experiment  using  a  polar¬ 
ized  electron  beam  has  been  started.  To  provide  a  polarized 
beam  with  sufficient  intensity  a  dedicated  source  for  polar¬ 
ized  electrons  is  used  (with  a  GaAs-AlGaAs  superlattice 
photocathode).  To  prevent  depolarization  during  accelera¬ 
tion  in  the  circular  accelerators  several  depolarizing  reso¬ 
nances  have  to  be  corrected  for.  One  type  of  resonances 
(the  intrinsic  ones)  is  compensated  using  two  pulsed  beta¬ 
tron  tune  jump  quadrupoles.  This  method  is  applied  be¬ 
cause  adiabatic  crossing  techniques  that  became  popular  in 
proton  accelerators  in  the  last  years  cannot  be  used  in  an 
electron  accelerator  due  to  synchrotron  radiation  effects  at 
higher  energies. 

1  INTRODUCTION 

At  ELSA  [1]  external  fixed  target  experiments  with  longi¬ 
tudinally  polarized  electrons  or  circularly  polarized  pho¬ 
tons  (produced  by  Bremsstrahlung)  are  carried  out.  For 
this  purpose  a  polarized  electron  source  is  used.  With  a 
GaAs  superlattice  crystal  a  polarization  level  of  about  66% 
at  the  source  has  been  achieved  [2],  The  polarized  elec¬ 
tron  beam  is  preaccelerated  in  a  LINAC  and  a  fast  cycling 
booster  (50  Hz).  After  injection  into  the  main  ring  further 
acceleration  up  to  3.5  GeV  is  possible.  The  polarization 
of  the  extracted  beam  can  be  determined  with  a  Mpller  po- 
larimeter. 


SAPHYB 


Figure  1:  The  ELSA  facility  at  Bonn  University. 

In  ELSA  depolarization  is  caused  mainly  by  intrinsic 
and  imperfection  resonances  [3]  [4],  The  spin  originally 
oriented  nearly  perpendicular  to  the  accelerator  plane  pre- 
cesses  around  the  direction  of  the  magnetic  field  in  the 
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Figure  2:  Fast  tune  jumping  of  all  resonances  in  ELSA. 


bending  magnets.  During  circulation  of  the  particles  in  the 
synchrotron  only  the  polarization  component  parallel  to  the 
guiding  field  is  conserved  while  the  other  components  are 
lost.  So,  horizontal  magnetic  fields  may  cause  polarization 
loss  in  the  case  of  a  resonance  with  the  spin  precession  fre¬ 
quency. 

Intrinsic  resonances  are  driven  by  the  vertical  betatron 
motion  of  the  electrons,  characterized  by  the  vertical  beta¬ 
tron  tune  Qz. 

Depolarization  caused  by  the  linear  crossing  of  an 
isolated  resonance  is  quantified  by  the  Froissart-Stora- 
Formula  [5] 


Pf  „  *H2 
P  ~  6 


(1) 


In  this  formula  the  influence  of  synchrotron  radiation  is 
neglected,  so  it  cannot  be  used  for  resonances  at  high  en¬ 
ergies  in  electron  accelerators.  Spin  tracking  studies  show 
especially  that  a  total  spin  flip  (^-  =  —1)  is  impossible 
there. 

Small  polarization  losses  can  be  obtained  for  a  small  res¬ 
onance  strength  e  or  a  high  crossing  speed  a  = 
which  can  be  achieved  by  fast  shifting  the  vertical  betatron 
tune  Qz  for  intrinsic  resonances  using  pulsed  quadrupoles. 

For  the  resonances  in  ELSA  an  absolute  tune  shift  of 
A Qz  «  0.1  is  needed  with  a  rise  time  of  about  10  fi s.  This 
tune  jumping  is  illustrated  in  Fig.  2.  Before  crossing  the 
resonance,  the  vertical  betatron  tune  is  shifted  very  fast  by 
the  tune  jump  quadrupoles. 
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Figure  3:  Design  of  the  tune  jump  quadrupoles:  the  end 
cap  design  consisting  of  three  layers  (right),  sectional  and 
side  view  of  the  magnets  (left). 


2  TUNE  JUMP  MAGNETS 

For  ELSA  a  fast  tune  jump  system  was  designed.  It  con¬ 
sists  of  two  quadrupoles  which  can  be  pulsed  up  to  500  A 
in  4-14  fxs.  These  quadrupoles  are  of  Panofsky  type  with 
square  shaped  ferrite  yokes  (see  Fig.  3)  [6].  Calculations 
for  optimization  of  the  design  to  achieve  a  low  inductance 
have  been  applied  [7],  Therefore  a  special  end  cap  design 
(a,b  and  c)  was  carried  out.  The  vacuum  chamber  is  made 
of  AI2O3  ceramics  with  a  10  pm  thin  titanium  coating  on 
the  inner  surface.  This  coating  shields  the  electromagnetic 
fields  of  the  beam  but  does  not  distort  the  pulsed  magnetic 
field. 

The  main  parameters  of  the  quadrupoles  are: 


resistance: 
inductance: 
max.  pulse  current: 
max.  field  gradient: 


(4.298  ±  0.001)  mfi  (=) 
(9.0±0.1)  jiH  (=) 

500  A 

(1. 1241  ±0.005)  T/m. 


Because  of  the  high  resistance  of  the  ferrites  there  are 
no  significant  eddy  currents  inside  the  yoke.  Frequency  de¬ 
pendencies  of  the  impedance  lead  to  a  slight  dispersion  of 
the  pulse  shape  which  has  to  be  compensated  by  the  power 
supply. 


The  Power  Supplies 

The  pulsed  power  supplies  (one  for  each  magnet)  were  con¬ 
structed  by  PPT1 .  A  schematic  drawing  is  shown  in  Fig.  4. 

The  design  concept  is  similar  to  the  pulsed  power  sup¬ 
plies  used  for  COSY  in  Jiilich  [8]. 

Each  supply  consists  of  three  main  components,  which 
could  be  realized  in  semiconductor  technology.  First  a  1  kV 
high  voltage  power  supply  charges  a  capacitor  bank.  The 
charging  is  controlled  by  a  PLC  (programmable  logic  con¬ 
troller).  An  insulated  gate  bipolar  transistor  (IGBT)  con¬ 
nects  the  capacitor  bank  with  the  load.  The  IGBT  is  con¬ 
trolled  by  the  PLC  to  generate  a  linear  rising  edge,  which 
can  be  varied  from  4  to  14  ps. 

The  second  part  consists  of  a  50  V  power  supply  and 
generates  the  falling  edge.  It  is  connected  by  a  MOSFET 
switch  to  the  load.  The  falling  edge  can  be  varied  between 
4  and  20  ms. 

The  third  part  is  a  H-bridge,  necessary  for  polarity 
changes. 

The  PLC  is  connected  by  a  VME  computer  to  the  control 
system  of  the  accelerator. 


luncjui 

' _ L=r 


jump  quadrupole 


network  connection 
to  control  system 


Figure  4:  Schematic  drawing  of  the  pulsed  power  supplies. 


3  CALIBRATION  AND 
MEASUREMENTS 

Using  a  stored  beam  in  ELSA  the  pulse  amplitude  of  the 
tune  jump  magnets  was  calibrated  by  jumping  onto  a  half 
integer  betatron  resonance  (Qz  =  4.5)  from  various  dis¬ 
tances  with  various  pulse  heights.  The  betatron  tune  was 
measured  by  analyzing  the  spectrum  of  the  vertical  beam 
oscillations.  When  jumping  onto  the  resonance  significant 
beam  loss  was  observed,  reducing  the  lifetime  of  the  beam 
from  4  h  to  less  than  10  min. 

The  measured  value  of  =  (1.77  ±  0.08)  •  10~4  A-1 
at  2.3  GeV  is  in  good  agreement  with  the  calculations. 

Calculations  and  measurements  concerning  closed  orbit 
distortions  and  emittance  growth  due  to  the  change  of  the 
optical  functions  were  carried  out  [9]. 

'Puls  Plasma Technik,  Dortmund,  Germany 
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Current  [A] 

Figure  5:  Calibration  of  the  pulsed  quadrupoles  using  a 
jump  onto  a  half  integer  betatron  resonance. 


Fig.  6  shows  the  maximum  distortion  of  the  closed  orbit 
caused  by  a  tune  jump  of  A Qz  =  0.1  at  1.5  GeV  during 
the  energy  ramp.  The  rise  time  of  the  pulse  was  10  fis  and 
the  fall  time  20  ms. 

The  distortions  are  all  smaller  than  1  mm  and  can  there¬ 
fore  be  neglected. 


Figure  6:  Change  of  the  horizontal  and  vertical  closed  orbit 
during  a  tune  jump  for  the  uncorrected  closed  orbit. 


The  successful  operation  of  the  tune  jump  magnets  was 
tested  first  on  the  intrinsic  resonance  at  2.0  GeV  [9].  With¬ 
out  tune  jump  the  resonance  causes  a  depolarization  of 
25%.  Using  the  pulsed  quadrupoles  the  depolarization 
could  be  minimized  to  less  than  2%.  Variation  of  the  trig¬ 
ger  time  of  the  tune  jump  magnets  leads  to  the  curve  shown 
in  Fig.  7.  If  the  jump  is  triggered  too  early  stronger  depo¬ 
larization  could  be  observed,  which  is  expected  because  the 
resonance  crossing  speed  is  lower  on  the  falling  edge  of  the 
pulse  than  without  any  pulse.  The  width  of  the  optimal  time 
window  changes  with  the  pulse  amplitude.  A  higher  pulse 


amplitude  broadens  the  window  and  therefore  minimizes 
sensitivity  to  time  shifts.  However,  too  large  amplitudes, 
may  cause  beam  loss,  because  of  jumping  onto  a  neigh¬ 
bouring  betatron  resonance. 


pulse  time  [ms] 


Figure  7:  Jumping  over  the  (0  4-  Qz)-resonance:  Polar¬ 
ization  dependency  of  the  jump  time.  The  pulse  ampli¬ 
tude  was  -110  A  with  each  magnet,  corresponding  to  a 
AQ2  =  -0.047. 


4  SUMMARY 

Polarized  electrons  have  been  accelerated  at  ELSA  with¬ 
out  significant  losses  in  polarization  degree.  In  the  case 
of  crossing  intrinsic  resonances  a  fast  betatron  tune  jump 
magnet  system  has  provided  the  conservation  of  polariza¬ 
tion.  First  measurements  have  shown  that  the  depolariza¬ 
tion  due  to  the  strong  intrinsic  resonance  at  2.0  GeV  can  be 
reduced  to  less  than  2%  with  the  tune  jump  magnets. 

Further  investigations  will  follow  soon  to  adjust  the  am¬ 
plitudes  and  trigger  times  to  minimize  the  influence  of  the 
remaining  intrinsic  resonances.  Together  with  a  harmonic 
correction  of  the  imperfection  resonances  in  ELSA  a  polar¬ 
ized  beam  will  be  provided  up  to  the  maximum  energy  in 
near  future. 
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Abstract 

The  MIT-Bates  South  Hall  Ring  has  been  successfully 
commissioned  for  internal  target  experiments.  More  than 
150  mA  of  stored  beam  has  been  circulated  through  a  40  cm 
long  1.5  cm  diameter  internal  target  cell.  The  ring  has  also 
been  tuned  for  the  first  experiment  on  an  external  target 
using  a  resonantly  extracted  high  duty  factor  beam.  Beam- 
based  measurements  of  the  ring  optics  by  means  of  ana¬ 
lyzing  the  beam  orbit  response  matrix,  and  comparing  the 
results  with  models,  have  produced  much  needed  informa¬ 
tion  to  set  up  the  ring  optics.  Efforts  have  been  made  to 
improve  the  measurement  precision,  and  to  put  the  entire 
process  on-line  for  use  during  machine  operation. 

1  INTRODUCTION 

The  MIT-Bates  South  Hall  Ring  (SHR)  is  designed  to  serve 
medium  energy  nuclear  physics  experiments.  The  ring  is 
composed  of  four  achromatic  bending  sections  which  form 
a  pair  of  symmetry  corrected  second  order  achromatic  180° 
bends.  There  are  two  long  straight  sections,  one  for  in¬ 
jection  and  the  internal  target,  the  other  for  extraction  and 
the  installation  of  a  new  spin  rotator  to  maintain  beam 
polarizationfl].  Adjusting  ring  chromaticity  does  not  dis¬ 
turb  the  symmetry  corrected  second  order  centroid  shifting 
aberrations  at  the  extraction  and  internal  target  locations. 
The  design  does  require  a  relatively  large  number  of  inde¬ 
pendent  quadrupole  families.  There  are  81  quadrupoles,  of 
19  different  gradient  values,  organized  into  34  groups  by 
power  supply. 

A  discrepancy  between  the  design  optics  and  that 
achieved  by  setting  the  quadrupoles  to  their  calculated 
values  has  been  noticed  for  some  time.  Initially,  cor¬ 
rection  was  made  by  increasing  all  quadrupole  strengths 
about  one  percent,  and  using  the  extraction  straight  section 
quadrupoles  for  fine  adjustments.  This  method  could  bring 
the  betatron  tunes  to  design  values,  but  distortions  in  the  (5 
amplitude  functions  were  significant.  This  was  particularly 
a  problem  in  the  two  long  straight  sections,  where  specific 
Twiss  parameters  are  required. 

Beam  based  determination  of  the  ring  linear  optics  was 
considered  a  realistic  and  precise  way  to  correct  the  op¬ 
tics.  The  idea  of  beam  based  measurements  of  the  optics 
by  means  of  analyzing  the  beam  orbit  response  matrix  is  il¬ 
lustrated  in  [2],  and  the  computer  code  LOCO  (Linear  Op¬ 
tics  from  Closed  Orbits)  has  been  used  for  modeling.  The 

*  Work  supported  by  U.S.  Department  of  Energy. 


beam  orbit  response  matrix  is  defined  as 

(»)=MU)  ® 

where  0X  and  6y  are  the  angles  imparted  to  the  beam  by 
steering  magnets,  and  x  and  y  are  the  resulting  orbit  per¬ 
turbations  at  the  ring  beam  position  monitors  (BPMs).  M 
is  an  l  x  m  matrix,  where  l  is  the  number  of  BPMs,  and 
m  is  the  number  of  steering  correctors.  The  LOCO  code 
adjusts  the  parameters  (quadrupole  gradients,  etc.)  of  an 
optics  model  to  fit  the  model  response  matrix  to  the  mea¬ 
sured  response  matrix.  Assuming  the  deviations  between 
the  model  and  measured  matrices  are  linear  functions  of  a 
set  of  the  n  varied  parameters  Xn,  then  the  minimization 
of  the  deviations  is  to  solve  the  linear  matrix  equation 

AAXn  =  -V.  (2) 

where  Ai}n  —  (dVi/dXn).  A  is  an  (l  •  m)  x  n  matrix,  and 
V  is  an  /  ■  m  vector  which  represents  the  element  deviations 
between  the  model  and  measured  response  matrices.  The 
LOCO  analysis  involves  solving  an  over-constrained  prob¬ 
lem,  fitting  many  self-consistent  constraints.  In  addition  to 
the  quadrupole  gradients,  BPM  and  steering  corrector  gains 
are  treated  as  fit  parameters.  Also  the  beam  energy  shift  as¬ 
sociated  with  the  deflection  by  a  horizontal  steering  magnet 
is  included. 

In  the  SHR  model,  there  are  187  independent  variables: 
34  quadrupole  groups,  60  BPM  gains,  62  steering  magnet 
gains,  and  31  energy  shifts  caused  by  horizontal  steering 
magnets.  A  is  then  a  3720  x  187  matrix.  Without  x-y 
coupling,  half  of  the  elements  of  A  will  be  null. 

2  CALIBRATION  PRECISION 

The  precision  of  the  quadrupole  gradient  determination  can 
be  estimated  by  comparing  the  LOCO  analysis  results  from 
repeated  beam  response  matrix  measurements.  The  factors 
that  appear  to  determine  the  precision  are  the  BPM  res¬ 
olutions,  the  sensitivity  of  the  ring  optics  to  the  parame¬ 
ters  being  varied,  and  beam  conditions.  The  accuracy  of 
the  modeling  is  verified  by  independent  measurements  of 
the  optical  parameters,  such  as  betatron  tunes,  /3  amplitude 
functions,  dispersion,  and  so  on. 

2. 1  BPM  Resolution 

The  original  ring  BPM  system[3]  was  aimed  at  fast  turn- 
by-tum  beam  position  measurement.  The  system  used  8 
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bit  flash  ADCs  and  had  a  position  measurement  resolution 
of  0.1  mm.  The  measured  RMS  BPM  noise  level  was  about 
40  fim,  consistent  with  the  78  pm  /  bit  ADC  digital  resolu¬ 
tion.  It  was  concluded  after  early  beam  response  matrix 
measurements  and  optics  modeling,  that  the  ADC  reso¬ 
lution  was  the  main  obstacle  to  achieving  a  more  precise 
linear  optics  measurement^].  To  alleviate  this,  a  paral¬ 
lel  signal  processing  system  was  added.  Now  the  60  BPM 
signals  are  multiplexed  to  eight  ADC  channels  via  an  ex¬ 
isting  video  switch  board.  The  signals  are  integrated  over 
62  ps  (95  turns),  held,  and  then  digitized  by  an  8  channel, 
12  bit  VMIC  4514  ADC  card.  Data  aquisition  is  under  the 
newly  installed  EPICS  system,  with  an  update  rate  up  to 
60  Hz.  Under  this  new  BPM  system,  the  measured  BPM 
noise  level  without  beam  is  down  to  about  5-10  pm.  This  is 
closer  to,  but  does  not  reach,  the  desired  ±2.4 /im  ADC 
digital  resolution.  The  measured  BPM  noise  level  with 
beam  was  about  5-10/xm  in  the  horizontal  plane,  but  2-3 
times  larger  in  the  vertical  plane. 

2.2  Optics  sensitivity 

The  precision  of  the  quadrupole  gradient  measurement  by 
LOCO  depends  on  how  the  quadruples  are  grouped,  the 
quadrupole  gradients,  and  the  ring  optics. 

A  simulation  was  done  to  examine  the  details  of  these 
effects.  The  extent  the  optics  change  for  a  change  in  an 
individual  parameter  is  related  to  the  overall  RMS  BPM 
response,  which  is  the  RMS  average  of  the  change  in  all 
the  BPM  readings,  for  beam  deflections  by  all  the  steer¬ 
ing  correctors.  Table  1  lists  the  RMS  BPM  response  for  a 
0.5  %  gradient  change  in  eight  of  the  thirty-four  quadrupole 
groups.  The  steering  magnet  deflection  is  chosen  to  pro¬ 
duce  ~  0.8  mm  RMS  closed  orbit  perturbations. 


Table  1 :  RMS  change  in  orbit  response  matrix  (pm) 
_ for  quad  Ak/k  =  0.005 _ 


Storage  mode 

Extraction  mode 

Q  group 

k(l/m*) 

<5x 

<$y 

k(l/m“) 

<5x 

c5y 

QSW3 

2.0011 

22.3 

11.8 

2.0011 

21.8 

7.8 

QSW8 

-1.1281 

12.7 

37.4 

-1.281 

13.4 

24.4 

QS2F 

3.1284 

41.3 

17.8 

3.1284 

47.1 

11.3 

Q26 

4.3156 

1.7 

0.9 

4.3156 

1.5 

0.6 

Q40 

2.5521 

17.3 

7.3 

2.8189 

21.7 

5.2 

Q41 

-1.8327 

5.2 

8.9 

-2.4326 

6.4 

8.3 

Q44 

1.6950 

10.3 

2.8 

0.9177 

9.6 

4.8 

Q45 

-1.8807 

3.1 

11.7 

0.2342 

3.1 

0.2 

From  Table  1,  if  the  BPM  resolution  is  in  the  2-4  pm 
range,  it  is  possible  to  determine  the  quadrupole  gradient 
of  groups  such  as  QSW8  or  QS2F  to  better  than  5  parts  in 
10,000.  However,  for  a  “weak”  quadrupole  group,  such  as 
Q26,  the  gradient  prediction  precision  will  be  in  the  5  x 
10-3  range,  or  even  a  few  percent. 

There  are  other  effects  which  may  limit  the  precision  of 
the  measurement.  The  model  averages  over  all  gradients 
of  each  quadrupole  group,  and  does  not  include  possible 
errors  in  the  ring  dipole  gradients  (expected  field  index  n  = 
0.539). 

Because  of  how  some  quadruples  are  grouped,  it  is  pos¬ 
sible  for  a  change  in  one  quadrupole  to  be  compensated 
by  changes  in  others,  leaving  the  ring  optics  almost  the 


same.  An  example  of  this  is  the  extraction  straight  sec¬ 
tion,  when  operated  in  pulse  stretcher  mode.  For  the  same 
response  matrix  measurements,  but  slightly  different  dis¬ 
persion  measurements,  different  optical  solutions  were  ob¬ 
tained  which  had  Q45  gradient  variations  of  up  to  6%. 
These  variations  were  compensated  by  changes  in  other 
quadrupoles.  The  resulting  lattices  had  identical  tunes  and 
almost  the  same  betatron  amplitudes.  The  overall  horizon¬ 
tal  RMS  (3  amplitude  differences  were  less  than  0.05  m. 
The  maximum  fix  difference  of  0.5  m  occurred  at  a  high 
fix  (50  m)  location.  The  vertical  RMS  difference  was  three 
times  smaller.  We  have  tried  using  piecewise  fitting  to  limit 
these  “optical  uncertainties”.  The  procedure  is  to  deter¬ 
mine  the  settings  for  the  quadrupoles  which  have  better 
measurement  precision,  fix  these  settings  (do  not  vary  them 
in  later  fitting),  and  then  do  a  second  fit  to  find  the  values 
for  the  less  well  determined  quadrupoles.  This  technique 
met  with  some  success  in  storage  mode  when  working  with 
the  8  bit  BPM  ADCs.  In  a  future  run,  it  will  be  tested 
for  the  poorly  determined  extraction  section  quadrupoles 
in  pulse  stretcher  mode,  after  setting  up  the  better  known 
quadrupoles  in  the  rest  of  the  ring. 


2.3  Beam  condition  effects 

The  quality  of  the  linear  response  matrix  measurement  is 
closely  related  to  beam  conditions.  The  dominant  beam  in¬ 
stability  observed  for  some  time  has  been  a  persistent  ver¬ 
tical  betatron  oscillation  with  large  amplitude  (several  mil¬ 
limeters  in  some  locations)  and  varying  amplitude  modu¬ 
lation  frequency:  The  measured  BPM  noise  in  the  vertical 
plane  is  always  2  to  3  times  larger  than  in  the  horizontal. 
The  oscillation  was  eventually  eliminated  by  changing  the 
vertical  tune,  based  on  a  proposal[5]  which  suggested  the 
oscillation  may  be  excited  by  ions,  and  could  be  suppressed 
by  setting  the  vertical  tune  to  a  proper  value.  Whether 
the  vertical  BPM  noise  level  will  be  reduced  now  that  this 
persistent  betatron  oscillation  has  been  eliminated,  will  be 
carefully  tested  in  the  next  ring  run. 

The  beam  current  and  lifetime  also  affect  the  measure¬ 
ment.  The  better  measurements  have  been  conducted  at 
low  stored  current  levels  (5-40  mA).  At  higher  currents,  the 
measured  BPM  responses  contain  larger,  possibly  system¬ 
atic,  errors.  Some  measured  BPM  positions  drifted  during 
the  noise  measurement  period  (a  few  minutes).  We  sus¬ 
pect  current  related  phenomenon  such  as  synchrotron  radi¬ 
ation  effects  on  some  BPM  horizontal  pickups.  In  storage 
mode,  at  low  currents  and  very  long  lifetimes,  the  mea¬ 
surement  results  were  reproducible.  However  in  extraction 
mode,  where  the  horizontal  tune  is  closer  to  half  integer 
resonance,  minimal  effort  has  been  made  to  improve  the 
closed  orbit  so  as  to  achieve  a  long  lifetime.  There,  with  a 
beam  lifetime  of  ~  200  s,  the  position  “drift”  on  a  number 
of  BPMs  was  observed  even  at  low  current.  Beam  scraping 
may  be  contributing  to  the  problem. 
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3  ON-LINE  APPLICATION 

It  is  important  for  commissioning  to  make  this  calibration 
process  an  on-line,  real-time  operational  application. 

For  the  SHR,  the  beam  response  matrix  measurement 
typically  takes  about  10  minutes,  being  mainly  limited  by 
the  steering  magnet  setting  time,  plus  the  analog  signal 
switching  control  rate  (4  Hz).  Computation  time  for  the 
LOCO  analysis  depends  on  the  details  of  the  parameters 
being  optimized.  A  workstation  with  a  450  MHz  Pentium  II 
processor  is  dedicated  to  the  LOCO  analysis.  It  takes  less 
than  3  minutes  to  make  one  LOCO  analysis  iteration,  for 
the  34  quadrupole  groups  in  the  model,  and  about  10  min¬ 
utes  for  the  entire  calculation.  The  most  difficult  and  time 
consuming  process  during  commissioning  is  determining 
the  quality  of  raw  measurement  data. 

For  the  entire  measurement  and  analysis  process,  a  semi¬ 
interactive  application  has  been  created  on  a  local  web 
site.  This  has  proven  efficient  for  data  analysis,  and  flex¬ 
ible  for  development.  The  application  consists  of  measure¬ 
ment  set-up  and  model  initialization,  the  actual  measure¬ 
ment,  raw  data  display  and  analysis,  LOCO  analysis  and 
display  of  those  results,  and  generation  of  a  script  with  new 
quadrupole  settings  to  achieve  the  model  optics.  Most  of 
the  data  transfer,  analysis,  and  display  are  done  on-line.  A 
Java  applet  has  been  developed  to  handle  graphical  display. 
To  avoid  security  issues,  some  of  the  actual  ring  hardware 
operation  commands  are  required  to  be  made  locally  un¬ 
der  a  machine  operations  account.  The  site  also  provides 
additional  data  analysis  tools. 

The  raw  beam  response  measurement  data  analysis  and 
display  are  extremely  helpful.  Ordinary  mistakes  like  con¬ 
trol  system  misconnections  to  BPMs  and  steering  coils  can 
be  detected  immediately.  It  has  also  been  useful  to  help 
solve  more  complicated  problems,  such  as  video  switch 
hardware  and  software  troubles.  Under  normal  operations, 
the  entire  LOCO  process  can  be  done  in  half  an  hour.  Usu¬ 
ally  several  measurements  are  made  and  analyzed  before  a 
solution  is  adopted  to  correct  the  optics.  The  analysis  and 
measurement  can  be  done  in  parallel. 

4  RESULTS  AND  PLAN 

The  beam-based  linear  optics  calibration  has  been  applied 
on-line,  during  the  last  ring  commissioning  run,  for  setting 
up  both  the  storage  and  extraction  optics.  Independent  op¬ 
tics  measurements  and  ring  performance  proved  the  optics 
corrected  by  LOCO  were  close  to  the  design  model.  In 
storage  mode,  the  RMS  errors  of  quadrupole  gradient  pre¬ 
dictions  were  in  the  5  x  10~4  and  5  x  10~3  ranges  (for 
different  quadrupole  groups).  In  extraction  mode,  the  er¬ 
rors  were  typically  2  to  3  times  larger  than  in  storage  mode, 
and  even  worse  for  some  quadrupole  groups.  Further  im¬ 
provement  of  the  BPM  resolution  and  beam  conditions  are 
needed.  Figure  1  shows  (3X  before  and  after  one  iteration 
of  correction,  in  extraction  mode.  The  LOCO  determina¬ 
tions  of  (3X  are  very  close  to  those  obtained  by  quadrupole 


gradient  ( k )  modulation  techniques.  Deviations  in  (3y  af¬ 
ter  correction  were  much  less.  Although  the  measurement 
precision  in  extraction  mode  was  limited,  the  solution  of 
the  first  LOCO  iteration  was  sufficiently  close  to  the  model 
optics  to  give  us  good  resonant  extraction.  This  allowed 
us  to  measure  our  first  coincidence  spectra  with  high  duty 
factor  beam,  on  an  external  target[6]. 

An  advantage  of  having  the  response  matrix  measure¬ 
ment  and  analysis  running  as  an  on-line  application,  is  that 
it  is  also  an  effective  tool  to  help  diagnose  BPM  system 
performance,  and  expose  beam  related  problems. 

Future  ring  plans  call  for  installation  of  superconducting 
solenoids,  plus  associated  skew  and  normal  quadruples, 
for  spin  control.  This  will  necessitate  changing  the  LOCO 
model  to  include  x-y  coupling.  To  improve  the  measure¬ 
ment  precision,  we  will  reduce  the  noise  on  the  BPM  elec¬ 
tronics,  and  operate  at  a  tune  with  no  persistent  /3y  oscilla¬ 
tions.  As  part  of  the  conversion  of  the  ring  controls  and  in¬ 
strumentation,  the  response  matrix  measurement  programs 
will  be  moved  to  EPICS.  More  work  will  be  done  with  the 
piecewise  fitting  approach.  Finally,  shunts  will  be  added  to 
many  of  the  quadrupoles  which  are  powered  in  groups,  to 
allow  us  to  verify  the  (3  functions  at  more  locations. 


Figure  1 :  (3X  before  and  after  LOCO  correction. 
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Abstract 

Although  the  linear  theory  of  stable  and  unstable  syn¬ 
chrotron  oscillations  has  long  been  understood,  there  is  no 
such  satisfactory  description  of  the  large  amplitude  highly 
non-linear  synchrotron  motion.  With  an  appropriate  tuning 
of  RF  cavity  impedance,  large  amplitude,  low  frequency, 
self-sustained  relaxation  oscillations  of  •this  synchrotron 
motion  can  be  observed.  This  paper  presents  experimental 
data  and  computer  simulations  that  give  insights  into  the 
details  of  the  mechanism  involved. 

1  INTRODUCTION 

The  voltage  induced  by  the  beam  on  the  cavity  impedance, 
at  the  upper  synchrotron  sideband  of  the  revolution  har¬ 
monics  has  a  destabilizing  effect  on  the  beam.  The  in¬ 
stability  commonly  known  as  the  coupled  bunch  instability 
occurs  when  this  force  exceeds  the  net  damping  force.  On 
the  SPEAR  electron  storage  ring,  such  an  instability  can 
be  produced  from  a  multi-traversal  effect  acting  on  a  sin¬ 
gle  bunch.  Linear  theory  predicts  that  above  instability 
threshold  the  amplitude  of  the  bunch  synchrotron  oscilla¬ 
tion  would  grow  to  infinity.  However,  it  has  been  long  ob¬ 
served  [1]  [2]  that  the  amplitude  of  oscillation  can  also  sat¬ 
urate.  In  particular,  at  the  onset  of  instability,  there  exists 
a  regime  in  which  the  bunch  performs  relaxation  oscilla¬ 
tions.  Extensive  measurements  were  performed  to  give  the 
details  which  constitute  the  basis  of  the  theoretical  model 
explaining  the  physics  of  the  mechanism  [3]. 

2  EXPERIMENTAL  RESULTS 

2.1  Motivations 

While  characterizing  the  RF  cavities  in  order  to  improve 
the  stability  of  SPEAR  and  focusing  our  attention  on  the 
growth  of  the  HOM  induced  instabilities,  a  regular  modu¬ 
lation  about  the  saturation  level  was  observed  (figure  (la)) 
[4].  Its  period  was  always  longer  than  a  radiation  damping 
time.  This  modulation  is  often  small,  but  certain  machine 
parameters  can  make  it  very  large,  regular,  and  quite  strik¬ 
ing  (figure  (lb)).  The  possibility  of  adjusting  the  HOM 
frequency,  by  positioning  a  moveable  RF  cavity  tuner  in 
the  passive  RF  cavity,  made  such  observations  very  repeat- 
able  and  convenient  to  study  on  the  SPEAR  ring. 

2.2  Experimental  parameters 

The  experimental  parameters  are  presented  in  table  1 .  The 

*  Work  supported  by  the  Department  of  Energy,  contract  DE-AC03- 
76SF00515. 


Figure  1:  Output  from  the  cavity  signal  at  h/o  4-  fs.  Note 
the  different  growth  and  damping  rates  in  (b)  and  (c). 


Energy 

U0 

Vrf 

Tdamp 

R  s 

2.3  GeV 

193  keV 

1.68  MV 

10  ms 

10  MH 

Table  1:  Machine  parameters 


resonance  studied  is  the  fundamental  resonance,  f  hom  = 
/rf.  The  large  variety  of  time  scales  involved  in  the  re¬ 
laxation  mechanism  is  presented  in  table  2. 

2.3  Description  of  measurements 

Since  the  effect  of  interest  depends  on  the  HOM  strength, 
the  largest  available  impedance  was  chosen  for  the  study. 
SPEAR  has  two  RF  cavities,  but  only  one  is  powered 
for  normal  operation.  Therefore,  the  largest  available 
impedance  is  the  fundamental  mode  of  the  idle  RF  cav¬ 
ity;  this  mode  was  chosen  for  our  study.  The  strength 
of  this  impedance  means  that  the  HOM  produces  a  strong 
long-range  wakefield  at  currents  for  which  the  short-range 
effects  of  the  wakefield  are  not  very  important.  (In  this  pa¬ 
per,  liberty  has  been  taken  with  the  term  HOM,  since  here 


Frequency 

Period 

Nfurns 

f sawtooth 

<  100  Hz 

>  10  ms 

>  12800 

fso 

28.4  kHz 

35  ps 

45 

OLR 

56  kHz 

17.8  ps 

23 

fo 

1.28  MHz 

0.78  ps 

1 

IrF  =  / HOM 

358.5  MHz 

2.8  ns 

1/280 

(1/ffr) 

10  GHz 

100  ps 

1/7840 

Table  2:  System  time  scales 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


3104 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


it  also  refers  to  the  fundamental  mode  in  the  idle  cavity.) 


Spectrum  analyzer  Data  were  first  taken  on  an  RF 
spectrum  analyzer  from  an  RF  signal  coming  from  an  RF 
cavity  probe  (figure  1).  The  spectrum  analyzer  was  used  as 
a  narrowband  receiver,  in  zero-span  mode,  tuned  on  the  up¬ 
per  synchrotron  sideband  of  the  fundamental  RF  harmonic. 
Its  resolution  bandwidth,  10  kHz,  allowed  reasonable  re¬ 
jection  of  the  RF  harmonic  while  preserving  the  ability  to 
see  fast  dynamic  changes  in  the  amplitude  of  the  sideband 
over  the  variation  of  the  synchrotron  frequency  during  the 
relaxation  oscillation. 


Figure  2:  Relaxation  oscillation  parameters  vs  / hom '■  (a) 
relaxation  oscillation  frequency,  (b)  maximum  (A)  and 
minimum  (v)  power  of  oscillation,  (c)  growth  times  (A) 
and  damping  times  (V),  (d)  vs,  showing  ~  15%  deviation 
over  the  range  of  / hom ■ 


over  the  oscillation.  The  frequency  deviation  showed  a  de¬ 
crease  of  15%  from  the  nominal  synchrotron  frequency, 
corresponding  to  the  shift  for  large  amplitude  pendulum  os¬ 
cillations  (figure  (2d)). 

Streak  camera  The  spectrum  analyzer  data  only  gives 
information  about  the  dipole  moment  of  the  beam.  With 
a  streak  camera,  details  about  the  internal  structure  of  the 
beam  could  be  observed.  Data  were  taken  both  at  a  slow 
scan  rate,  i.e.  slow  enough  to  see  the  entire  relaxation  os¬ 
cillation  cycle,  and  at  a  fast  rate,  at  which  one  could  see  the 
single  bunch  every  third  revolution  period. 

On  the  slow  scan  range,  the  entire  relaxation  oscillation 
cycle  was  captured.  While  growing,  the  envelope  visible 
in  the  slow  scan  shows  the  bunch  to  be  concentrated  near 
the  extremes  of  the  oscillation.  But  its  charge  density  de¬ 
creases  with  time  (figure  3a).  The  maximum  amplitude  of 
oscillation  reached  is  about  n/2  radians.  In  the  damping 
phase,  this  macroparticle  still  exists  and  damps,  but  it  has 
a  much  reduced  intensity  compared  to  its  initial  value.  At 
the  end  of  this  phase,  particles  have  accumulated  around 
the  center.  In  the  particular  case  of  / hom  slightly  above 
pfo  +  f so  >  when  the  damping  is  very  slow,  a  second  ac¬ 
cumulation  point  clearly  forms  near  the  origin  (figure  3b). 
The  charge  at  this  point  grows  in  both  amplitude  and  inten¬ 
sity  as  the  original  macroparticle  continues  its  decay.  The 
second  accumulation  point,  when  seen,  is  phase-locked  to 
the  initial  macroparticle,  but  approximately  n  out  of  phase 
with  it  (figure  (3c)(3d)). 

As  a  summary,  the  oscillation  starts  when  one  center 
grows  exponentially,  then  saturates  and  loses  particles,  and 
finally  begins  to  damp.  These  lost  particles  accumulate  at 
a  second  center  which  grows,  accumulating  more  particles, 
as  the  first  center  migrates  to  the  origin  while  still  losing  its 
charge.  The  two  centers  have  now  exchanged  roles  in  this 
oscillation,  giving  the  system  its  bistable  character. 


The  evolution  of  crucial  parameters  of  the  relaxation  os¬ 
cillation  as  a  function  of  the  resonator  frequency  is  summa¬ 
rized  in  figure  2.  From  the  amplitude  information,  (2b), 
one  sees  that  the  amplitude  of  oscillation  is  large  along 
most  of  the  resonance.  The  growth  rate,  as  a  function 
of  frequency,  is  symmetric  with  respect  to  the  center  fre¬ 
quency,  (2c).  It  correlates  with  the  resistive  part  of  the 
resonator  impedance.  The  damping  rate  is  not  nearly  as 
symmetric  (2c).  It  is  very  small  over  the  second  half  of 
the  resonance  curve  (2b).  Because  of  this  asymmetry,  the 
frequency  of  this  relaxation  oscillation  (2a)  as  a  function  of 
the  HOM  frequency  is  also  asymmetric. 

Digital  spectrum  analyzer  The  variation  and/or 
spread  of  the  synchrotron  tune  during  these  oscillations  was 
also  measured.  This  data  was  obtained  by  observing  the 
demodulation  of  a  signal  coming  from  a  ring  pickup  on 
a  digital  spectrum  analyzer.  Since  the  analyzer  averaged 
over  many  relaxation  periods,  this  measurement  could  not 
resolve  the  difference  between  a  tune  variation  and  a  spread 


3  SIMULATIONS 

3.1  Simulation  program 

The  multiparticle  simulation  code  gives  the  evolution  of  the 
phase  space  distribution  of  a  single  bunch,  turn  after  turn, 
in  the  presence  of  a  perturbing  long  range  wakefield.  As 
the  streak  camera  images  showed  a  loss  and  an  asymmetric 
variation  of  charge  density,  it  was  essential  to  examine  the 
evolution  of  the  internal  distribution  of  the  bunch. 

The  equation  of  motion  of  individual  particles  obeys  a 
second  order  difference  equation.  This  turn  by  turn  differ¬ 
ence  equation  of  the  code  includes  the  synchrotron  radia¬ 
tion  emission  through  losses,  radiation  damping,  and  quan¬ 
tum  fluctuations.  The  long  memory  of  the  high  Q  cavity  is 
retained  by  the  use  of  propagators.  Propagators  enable  the 
accurate  retention  of  the  phase  information  of  the  rapidly 
oscillating  wake  over  the  comparatively  long  time  scale  of 
one  revolution  period.  To  get  more  than  an  entire  relax¬ 
ation  cycle,  105  turns  were  commonly  computed  for  a  pop- 
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Figure  3:  Relaxation  cycles  for  two  different  values  of 
Ihom-  (a)  fz  ~  fs-  (b)  fz  >  fa,  showing  appearance 
of  second  center.  Note  that  (b)  has  much  slower  damping 
than  (a),  (c)  Individual  streaks  are  now  visible.  The  sec¬ 
ond  center  has  more  charge  than  the  original  main  body, 
yet  its  oscillation  amplitude  is  still  small,  (d)  The  second 
center  now  has  most  of  the  charge.  Its  amplitude  continues 
to  grow  while  that  of  the  original  main  body  continues  to 
damp.  Oscillations  are  about  tt  out  of  phase. 


ulation  of  20000  particles,  distributed  over  a  binning  of  300 
cells  covering  the  2ir  size  of  the  RF  bucket. 

The  wake  from  the  earlier  particles  is  computed  by  prop¬ 
agating  the  fields  from  the  previous  bin  over  the  time  At. 
With  =  oj'RAt,  the  propagator  can  be  represented 


(  Wt+±t  ^  =e-aAt  (  cos$t  4sin$t  ^ 
V  Wt+At  )  \  -WflSin$t  cos$t  ) 

„(Wt\^(  2aRsnt+At  A 
V  W[  )  +  V  -4 a2Rsnt+At  ) 


3.2  Simulation  results 

The  code  is  in  good  agreement  with  the  data.  It  reproduces 
the  very  low  frequency  of  the  relaxation  oscillation  (always 
below  100  Hz  in  our  case).  It  confirms  qualitatively  the 
evolution  of  frequency  and  amplitude  as  a  function  of  the 
induced  voltage.  The  code  reproduces  the  7t/2  limit  cycle 
amplitude  observed  with  the  streak  camera.  Finally,  the 
code  corroborates  the  streak  camera  data,  discussed  above, 
that  shows  the  bunch  grow  as  a  macroparticle  which  loses 
charge  density  to  an  attractor  at  the  center  (figure  4). 

Based  on  these  agreements,  the  predictions  of  the  code 
can  be  viewed  with  confidence.  They  were  used  to  gain 
further  insight  into  the  details  of  the  oscillation  too  sensi¬ 
tive  to  be  seen  with  our  experimental  setup.  The  tracking 
code  phase  space  distribution  shows  that  the  filamentation 
starts  from  the  head  of  the  bunch.  Particles  spiral  from  the 
head  of  the  bunch  towards  the  center  of  phase  space  (figure 
(4b)).  One  can  observe  that  those  particles  perform  syn¬ 


chrotron  oscillations  at  a  higher  frequency  than  those  still 
attached  to  the  main  body.  These  results  gave  important 
clues  for  the  theoretical  model. 


(b)  t  =  7.84  ms 


(d)  t  =  15.6  ms 


-10  0  10 


Figure  4:  Simulations  of  bunch  in  four  stages  of  relaxation 
oscillation.  Intensity  scale  is  logarithmic. 


4  CONCLUSION 

An  extensive  campaign  of  measurements  was  performed 
on  SPEAR  to  characterize  the  low  frequency  relaxation  os¬ 
cillations  produced  by  long  range  wakefields.  The  main 
features  of  the  relaxation  oscillation  were:  growth  of  the 
amplitude  of  oscillation  of  the  bunch,  saturation  of  the  os¬ 
cillation  amplitude,  breakup  of  the  bunch,  and  subsequent 
damping  of  the  system  back  to  the  beginning  of  the  next 
cycle.  The  period  of  this  relaxation  oscillation  is  always 
longer  than  a  radiation  damping  time.  An  analytical  model 
was  developed  to  explain  these  characteristics  [3]. 
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Abstract 

Taking  advantage  of  the  vastly  different  time  scales  of  the 
problem,  a  simple  analytical  model  of  the  relaxation  oscil¬ 
lations  has  been  developed.  First  a  continuous  approxima¬ 
tion  of  the  impulsive  discrete  forces  is  made.  Then  only 
the  synchronous  components  of  the  force  are  retained  to 
describe  the  slowly  varying  amplitude  and  frequency  of  the 
relaxation  oscillation.  A  two  particle  version  of  this  model 
reproduces  the  main  characteristics  of  the  system.  A  more 
complete  paper  is  in  preparation  [1]. 

1  ANALYTICAL  MODEL 

1 . 1  Continuous  Approximation 

A  particle  in  a  storage  ring  generates  a  electromagnetic 
field,  a  wakefield,  that  acts  back  on  itself.  The  wakefield 
of  a  cavity  can  be  represented  as  the  impulse  response  of 
a  narrow-band  resonator  of  resistance,  Rs,  frequency,  ojr, 
and  damping  factor  aR. 

W  (t  —  t)  ~  U  (r)  2aRRse~aR(t~u)  cos  cjr  ( t  —  r) 

The  wake  seen  by  any  particle  is  the  sum  of  all  wakes  gen¬ 
erated  by  it  and  all  other  particles  in  all  previous  turns.  For 
a  single  bunch,  the  decelerating  wake  potential  seen  at  time, 
t,  is  then 

t 

W  ( t )  =  2 <xrRs  ^2  cos u>r  (t  —  u) , 

u~ — oo 

The  arrival  times  of  the  source  particle  generating  the 
wakefield,  u,  and  the  particle  experiencing  the  wakefield, 
t,  are  expressed  by  t  =  uTq  +  rn  and  u  —  kTo  +  t*,,  where 
rn ,  Tfc  To.  Representing  ojr  =  pu o  +ujz  as  an  integral 
multiple  and  a  fractional  part  of  the  revolution  harmonic, 
the  sum  becomes 

•t  rkTo  n 

W(t)  S  2 aRRS7F  Y\  e-°*<n-fc>T“  x 

J0  J{k-l)To  fcfr'oo 

cos  (<jjz  ( n  -k)T0+  uiR  (r „  -  rfc))  du 

When  the  bunch  has  N  particles  of  charge,  e,  giving  a  ma¬ 
chine  current,  I,  the  electrical  potential  V  ( t )  generated  by 
the  wake  is 

V  ( t )  -  2aRRsI  [  x 

cos  ( u>z  (t—u)+  ujr  ( r  ( t )  —  r  ( u )))  du 

*  Work  supported  by  the  Department  of  Energy,  contract  DE-AC03- 
76SF00515. 


1.2  Evaluation  of  the  Integral 

The  continuous  approximation  of  the  synchrotron  motion  is 
that  of  common  pendulum  motion,  for  which  oscillations  as 
large  as  7r/2  are  still  very  sinusoidal.  Therefore  r  (t)  and 
t  ( u )  can  be  represented  as 

Tt  =  Tt  COS (0Jstt  +  4>t);  Tu  —  tu  cos(uisut  +  (j)u) 

with  Tt,  tu,  Ljgt,  u)su,  4>t,  and  <pu  all  slowly  varying  com¬ 
pared  to  the  synchrotron  period.  The  exponential  damp¬ 
ing  in  the  integral  means  that  only  important  contributions 
come  from  times  no  further  back  than  a  few  damping  times, 
during  which  the  these  quantities  can  be  treated  as  constant. 
With  the  notation  rt  =  TtuiR,  ru  =  t^cjr,  the  integral  in 
the  driving  term  can  be  expressed  as  the  real  part  of 

y-'  jp~k  Jp(rt)Jk(ru)  .  ei(k{u,u+<t>u  )+p(wSi  +<)>t  ))t 

ar  +  j  ( kwsu  -  ujz) 

P,K=— OO 

1.3  Application  of  KBM  Method 

The  averaging  method  of  Krylov,  Bogoliubov,  and 
Mitropolskii  [2]  [3]  is  well  suited  to  such  an  oscillatory 
problem  with  slowly  varying  parameters  [4],  To  solve  a 
driven  harmonic  oscillator,  x-\-w2sox  =  fx  (x,  x),  new  vari¬ 
ables,  ( r(t),<j>  ( t )),  are  defined  in  terms  of  (a:  ( t ) ,  x  ( t )) 
by 

x  =  r  cos  ( ujsot  +  <j>)\  i  =  -wSo  r  sin  (ujsot  +  cj>) 

The  averaged  evolution  equations  of  the  oscillation  ampli¬ 
tude  and  phase  become 

Fsi  and  Fci  are  the  Fourier  coefficients  of  the  fre¬ 
quency  usu  in  the  wakefield  generated  by  the  particle  at 
(ru,  (j)u). on  the  particle  at  (rt ,  <pt) 

OO 

Fsi  =  -2 AcurRsI  ^  Jk  (ru)  [-4-1  (n)  +  4+i  (»■<)]  x 

k= 1 

(1) 

[(°fe  -  °fe  )  cos  (kA(l>)  ~  (hfc  -  K)  sin  (fcA^)] 

Fci  =  2 AaRRsI  { 26+  J0  (ru)  4  (r*)  (2) 

OO 

+  ^  ^  Jk  {ru)  [Jk— 1  (^t)  Jk+1  (^i)]  ^ 

fc=l 

[( k  -  bt) cos  +  iak  “  °t ) sin  ( kA<t> )] } 
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where  A  =  VxJrcostj’  &<P  =  4>t-  <t>u  and 

±  _  aR  ,±  _  (kuJsu  ±  uz) 

ak  o  ,  n  i  \2’  °k  ~  o  ,  ,,  .  ,2 

aR  +  ( KUJSU  ±  LJZ)  aj J  +  ( KOJsu  ±  wz) 

This  paper  discusses  only  the  case  when  ojr  =  lorf-  Ex¬ 
tensions  to  other  values  of  ujr  are  straightforward. 

The  wakefield  is  not  the  only  perturbation  to  the  har¬ 
monic  equation.  A  radiation  damping  term,  —aradft, 
contributes  to  the  ft  equation.  The  amplitude  dependent 
decrease  in  pendulum  frequency  can  be  approximated  by  a 
term  quadratic  in  rt  [3],  The  KBM  method  is  applied  by 
treating  the  three  terms  as  independent  contributions  to  the 
equations  of  motion  of  f  and  </>,  giving  the  final,  averaged 
equations  of  motion  for  a  test  particle  at  (rt,  <f>t)  due  to  a 
macroparticle  at  (ru,  tpu) 

r  =  ~^~tFsi  (n,<j>t,ru,<j)u)  -aradft  (3) 
4>  =  _  Fcn  {rt,(pt,ru,tpu)  ~  Yq^wso  (4) 

2  ANALYSIS  OF  RELAXATION 
OSCILLATIONS: 

2.1  Properties  of  Wakefield  Terms 

The  convenient  reference  frame  for  these  equations  is  one 
rotating  in  phase  with  tu,  and  in  which  r„  moves  radially 
along  the  0  =  0  axis.  The  angular  position  of  rt  is  the 
difference  in  phase,  Arp,  between  it  and  the  source.  As  rt 
rotates  in  this  frame,  the  forces  from  tu  change  charac¬ 
ter,  from  damping  to  anti-damping,  and  from  frequency  in¬ 
crease  to  frequency  decrease.  For  narrow  band  resonators 
tuned  with  u>z  =  usu,  the  line  of  maximal  growth  and  zero 
frequency  shift  both  lie  close  to  A rp  =  0. 

2.2  Linear  regime 

For  the  case  of  a  single  macroparticle  model,  rt  =  ru,  and 
Arp  =  0.  In  most  cases,  the  m  —  0  and  m  =  1  terms 
of  the  series  give  a  good  approximation  to  the  total  force. 
Using  the  narrowband  resonator  impedance  approximation, 
for  small  r,  after  defining  Zvk  =  Z(poj0  +  kwz),  one  recov¬ 
ers  the  formulae  for  growth  and  frequency  shifts  given  in 
references  [5]  [6]. 

f  =  91/  <?°  1  I  /Re  iZl  OCradf 

2Vrf  |cos  </>s|  11 

%  =  oT7~W,S°  .  ,/Im{24  ~  Z’l  -  Z\} 

TVrf  I  cos  <j6s  |  1 

2.3  Growth  as  a  Macroparticle 

Equations  1  and  2  give  the  driving  force  acting  on  a  test 
particle  (rt,Af)  produced  by  the  main  body  (ru,  A> j>  —  0). 
In  expansions  around  the  main  body,  A r  is  defined  as 
Ar  Art  -  ru- 


(a)  (b) 


(c)  (d) 


Figure  1:  r,  <fi  terms  in  (rt,  <f>t)  plane,  (a)  FSu  (b)  FCi,  (c) 
Fsi  and  aratjf;  (d)  Fci  and  pendulum  shift 

Figure  1  shows  the  effect  of  the  growth  and  frequency 
shift  due  to  the  macroparticle  wake  in  the  rotating  frame: 

•  particles  ahead  of  (behind)  the  main  body 
(ru  =  0,  Arp  >  0  (Arp  <  0))  experience  a  lesser 
(greater)  rp  than  the  main  body  and  will  fall  back 
(catch  up)  to  it.(figure  1(b)) 

•  particles  at  ( Ar  <  0  (Ar  >  0) ,  Arp  =  0)  feel  more 
(less)  growth  than  the  main  particle  and  will  grow 
(fall)  toward  it  (figure  l(a),(c)) 

This  justifies  why  the  bunch  keeps  its  cohesion  during  its 
growth  [7];  the  main  body  is  an  attractor  for  all  the  parti¬ 
cles  of  the  bunch.  As  the  oscillation  increases  to  moderate 
amplitudes,  two  nonlinear  effects  become  important:  the 
Bessel  terms  decrease  the  growth  rate;  the  pendulum  fre¬ 
quency  shift  starts  to  dominate  the  frequency  term. 

2.4  Filamentation 

The  pendulum  frequency  shift  now  causes  a  strong  enough 
asymmetry  in  Ar  that  the  test  particles  start  to  escape  from 
the  front  of  the  bunch. 

•  Particles  with  Ar  =  0  experience  the  same  growth  as 
the  main  body,  and  will  tend  to  group  back  towards  it 
as  during  the  growth. 

•  Particles  with  (Ar  >  0,  Arp  =  0)  slow  down  more 
than  the  main  body  and  acquire  a  Arp  <  0.  This  leads 
them  to  an  area  of  smaller  radial  growth,  decreasing 
Ar,  and  hence  increasing  frequency.  This  sequence 
leads  back  to  the  main  body. 

•  But  particles  with  (Ar  <  0,  Arp  =  0)  speed  up  more 
than  the  main  body  and  acquire  a  Arp  >  0.  Once 
they  cross  the  angle  of  maximal  growth,  the  particles 
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at  positive  A <j>  experience  a  smaller  driving  force  and 
move  to  even  more  negative  A r.  The  particles  escape 
from  the  front  of  the  bunch. 

The  experimental  data  shows  the  decrease  in  strength  of 
the  growth  term,  only  part  of  which  comes  from  the  weaker 
Bessel  terms.  The  bunch  saturates  at  lower  amplitudes  than 
this  effect  predicts.  Streak  camera  images  reveal  the  loss  of 
particles  [7].  The  relaxation  of  the  oscillation  comes  from 
the  loss  of  growth  due  to  the  leakage  of  particles  away  from 
the  main  body  and  the  formation  of  a  second  attractor  close 
to  the  center  of  phase  space. 

2.5  Damping  of  system 

As  the  escaping  particles  spiral  away  from  the  main  body 
towards  the  center,  they  alternately  experience  positive  and 
negative  forces  from  the  main  body.  Over  a  rotation  of 
A  </>  =  2tc,  the  net  growth  due  to  the  main  body  nearly  van¬ 
ishes,  so  the  particles  damp  at  about  the  radiation  damping 
rate.  The  only  growth  they  see  is  due  to  other  particles 
synchronous  to  them. 

The  finite  main  body  amplitude,  tu  f  0,  implies  equa¬ 
tions  1  and  2  are  non-zero  at  the  origin;  therefore  all  values 
of  <}>  exist  near  there  (equation  4).  On  the  locus  of  points 
in  phase  with  the  main  body,  the  particles  will  again  feel 
the  main  body’s  wake.  On  the  locus  exists  a  point  at  which 
the  radial  growth  vanishes;  very  close  by  is  an  attractor  for 
particles  leaving  the  main  body.  To  experience  no  growth 
from  the  wake,  Atf>  ~  7r/2  when  uiz  —  wso  (figure  1).  As 
charge  accumulates  at  this  point,  its  self-generated  wake 
increases  in  strength  and  A4>  of  the  stable  point  increases 
to  acquire  damping  from  the  main  body.  The  second  at¬ 
tractor  is  actually  not  fixed,  but  grows  slowly  in  amplitude, 
attracting  more  and  more  particles  until  it  becomes  the  new 
main  body  in  the  next  relaxation  cycle. 

2.6  Visualization  of  second  attractor 

(a)  (b) 


Figure  2:  f,  4>  terms  for  w*  >  ojsu.  (a)  FS1;  (b)  FC\, 

An  interesting  case  is  observed  when  the  lower  edge 
of  the  resonance  coincides  with  the  synchrotron  sideband 
(w*  >  uj so)  [7].  The  second  attractor  forms  away  from  the 
center  nearly  7 r  out  of  phase  with  the  main  initial  body  and 
the  system  damps  much  more  slowly  than  when  ojz  —  uso. 
Defining  <j>f  A  arctan  [(fcwsu  ±u>z)  /or],  the  line  of 
maximal  growth  is  now  approximately  |0J"|  ahead  of  the 


main  body  (figure  2).  Test  particles  now  trying  to  escape 
from  the  front  have  a  more  difficult  time  than  for  the  case 
Wj  =  u>so  for  two  reasons: 

•  as  A<p  of  the  particles  increase,  the  particles  move 
closer  to  the  line  of  maximal  growth,  grow  radially 
and  slow  down; 

•  they  need  to  precess  A<f>  =  2  |$f  |  before  their  radial 
growth  is  less  than  that  of  the  macroparticle. 

Longer  escape  times  mean  longer  damping  times  of  the 
relaxation  oscillation  for  to z  >  u>s0. 


Figure  3:  Attractor  location  for  ujz  >  uisu.  Initial  main 

body  at  (0,  .4).  Second  attractor  around  (—.1,  —.06) 

In  this  case  the  second  attractor  starts  at  <j>  7t/2  +  |</>i  I 

and  increases  in  phase  towards  7r  as  it  gains  particles  and 

grows  in  amplitude  (figure  3). 
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First  Beam  Circulation  Test  of  an  Electron  Storage/Stretcher  Ring,  KSR 


T.Shirai,  T.Sugimura,  Y.Iwashita,  H.Fujita,  H.Tonguu,  A.Noda,  M.Inoue 
NSRF,  Institute  for  Chemical  Research,  Kyoto  University 
Gokasho,  Uji,  Kyoto  61 1-0011,  Japan 


Abstract 

In  Kyoto  University,  we  are  constructing  a  compact 
electron  storage/stretcher  ring  (KSR).  The  circumference 
is  25.7  m  and  the  maximum  beam  energy  is  300  MeV. 
The  electron  beam  is  injected  from  a  100  MeV  linac 
through  the  doubly  achromatic  transport  line.  The  beam 
test  of  the  injection  line  was  finished  and  the  beam  size 
and  the  dispersion  were  measured.  The  results  are 
consistent  with  the  design  calculation.  The  beam  current 
is  100  mA  and  the  energy  spread  is  +/-0.5  %  (FWHM). 
KSR  uses  the  1-turn  injection  scheme.  The  bump  orbit  is 
created  by  the  perturbation  magnet  for  the  injection.  The 
test  of  the  bump  magnet  was  carried  out. 

1  INTRODUCTION 

A  compact  electron  ring  (Kaken  Storage  Ring,  KSR)  is 
now  under  construction  at  the  Institute  for  Chemical 
Research,  Kyoto  University  [1].  The  main  parameters  are 
shown  in  table  1  and  the  view  of  the  ring  is  shown  in 
Fig.l.  KSR  has  a  triple  bend  doubly  achromatic  lattice 
(TBDA).  It  has  two  operation  modes.  One  is  a  stretcher 
mode.  The  100  MeV  electron  beam  is  injected  from  an  S- 
band  electron  linac  [2]  and  extracted  slowly  using  the  3rd 
order  resonance  and  an  RF-knockout  method  [3]. 
Experiments  of  the  coherent  X-ray  radiation  are  planned 
using  the  extracted  beam.  The  another  one  is  a  storage 
mode.  The  injection  energy  is  100  MeV  and  it  is 
accelerated  up  to  300  MeV.  The  design  beam  current  is 
100  mA  and  the  critical  wavelength  is  17  nm.  In  the 
storage  mode,  some  experiments  are  prepared  using  the 
insertion  devices  in  the  long  straight  section. 

The  injector  linac  consists  of  a  thermal  electron  gun,  a 
buncher  and  three  accelerator  tubes.  The  output  beam 
energy  is  100  MeV.  The  maximum  beam  pulse  width  is  1 
psec  and  the  repetition  is  20  Hz.  For  the  injection  to  KSR, 
the  pulse  width  is  0.1  psec,  which  correspond  to  the 
revolution  time  of  KSR. 

2.  INJECTION  LINE 

2.1  Design 

The  injection  and  the  extraction  line  for  KSR  are 
shown  in  Fig.  2  (a).  There  are  two  bending  magnets,  two 
doublets  of  the  quadrupole  magnets  and  the  inflector 
septum  magnet  in  the  injection  line.  The  design  goal  of 
the  injection  line  is  to  satisfy  the  following  three 


Table  1  Main  parameters  of  KSR 


Circumference 

25.689  m 

Lattice 

TBDA 

Curvature 

0.835  m 

Length  of  straight  section 

5.619  m 

Tune 

(2.36,1.43) 

RF  frequency 

116.7  MHz 

Stretcher  mode 

Beam  energy 

100  MeV 

Extracted  beam  (design) 

5  x  1010  e'/sec 

Repetition 

1  Hz 

Storage  mode 

Maximum  energy 

300  MeV 

Stored  current  (design) 

100  mA 

Critical  wavelength 

17  nm 

Figure  1  View  of  KSR.  The  injection  line  exists  in  the 
right  side. 

conditions  at  the  injection  point, 

I :  D*=  Dpx  =  0  (doubly  achromatic  condition), 

II :  Py  =  6.3,  oty=-2.3  (matching  condition  in  Y-Y’ ), 

III :  px  <  7  (aperture  limit  of  the  septum). 

But  it  is  difficult  to  satisfy  all  conditions  because  the 
degree  of  freedom  of  the  magnet  arrangement  is  limited 
due  to  the  small  area  around  the  linac  and  KSR.  We  adopt 
the  large  edge  of  40°  on  the  exit  pole  face  of  BM1  to 
satisfy  the  doubly  achromatic  condition. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Figure  2  (a)  Injection  line  from  the  linac  to  KSR. 


Sr-O — — 0 - D 


Figure  2  (b)  Twiss  parameters  in  the  injection  line. 
The  beta  function  (Px,  Py),  the  dispersion  function 
(D„)  and  its  derivative  (Dnx)  are  shown. 


Table  2  Twiss  parameters  at  the  injection  point  of  KSR. 


Simulation  results  KSR  acceptance 

Px(m) 

6.5 

6.4 

Ox 

-2.5 

-0.43 

Py  (m) 

5.4 

6.23 

(X, 

-2.6 

-2.3 

Dx(m) 

0 

0 

Dpx 

0 

0 

Figure  2  (b)  shows  the  beta  and  the  dispersion  function 
in  the  injection  line.  It  is  calculated  by  the  program  code, 
MAD  [4],  The  initial  point  of  the  simulation  is  at  the 
entrance  of  the  quadrupole  magnet  behind  the  accelerator 
tube  No. 3,  where  Px  =  3.0  m,  ct*  =  2.0,  py  =  3.0  m,  ctj,  = 
2.0.  The  Twiss  parameters  at  the  injection  point  are 
shown  in  table  2.  The  dispersion  and  its  derivative  are 
zero.  There  is  a  mismatching  in  Y-Y’  plane.  Figure  3 
shows  a  ring  acceptance  and  the  beam  emittance  at  the 
injection  point.  The  beam  emittance  is  assumed  to  be  0.4 
Jtmmmrad  and  1.3  Jtmmmrad  in  X-X’  and  Y-Y’  phase 
space,  respectively  [5].  The  acceptances  are  161 
Jtmmmrad  and  11.7  Ttmrnmrad  in  the  X-X’  and  Y-Y’ 
planes.  The  beam  ellipse  is  located  inside  the  acceptance 
but  the  emittance  becomes  2.1  times  larger  due  to  the 
mismatching  in  Y-Y’  phase  space. 


X(mm)  Y  (mm) 


Figure  3  Beam  emittance  (solid  line)  and  the  ring 
acceptance  (dotted  line)  at  the  injection  point.  The  beam 
emittance  is  0.4  jtmmmrad  and  1.3  Jt  mmmrad  in  the  X- 
X’  and  Y-Y’  planes,  respectively.  The  acceptances  are  161 
Jtmmmrad  and  11.7  Jtmmmrad  in  the  X-X’  and  Y-Y’ 
planes. 

2.2  Measurements 

In  the  injection  line,  there  are  3  beam  profile  monitors 
(PM1,  PM2  and  PM3)  and  one  current  transformer  (CT). 
The  beam  sizes  are  measured  by  the  profile  monitors.  The 
results  are  almost  consistent  with  the  MAD  calculation 
and  the  beam  size  at  PM3  is  6  mm,  which  is  smaller  than 
the  septum  aperture  (8mm).  The  dispersion  is  also 
measured  by  the  profile  monitors.  The  beam  energy  is 
changed  by  the  RF  phase  adjustment  of  the  accelerator 
tube  No.3  and  the  beam  position  shift  were  measured. 
The  measured  dispersion  at  PM2  is  17  cm,  where  the 
design  value  is  28  cm.  The  energy  spread  was  measured 
by  PM1.  It  is  +/-  0.5  %  (FWHM)  and  +/-1.2  %  (total) 
with  the  beam  current  of  100  mA  and  the  pulse  width  of 
100  nsec.  It  is  acceptable  value  for  the  chromaticity 
correction  by  sextupole  magnets  [6], 

3  INJECTION  SCHEME  IN  KSR 

The  layout  of  KSR  and  the  Twiss  parameters  are  shown 
in  figure  3  (a)  and  (b).  The  characteristic  point  of  the 
optics  is  long  dispersion  free  sections.  The  injection  also 
uses  this  section.  The  injected  beam  is  bent  15  degree  by 
the  septum  magnet  and  merged  into  the  ring  orbit.  The 
injection  point  is  41  mm  apart  from  the  centre  orbit. 

3.1  Stretcher  Mode 

In  the  stretcher  mode,  one  turn  injection  is  used.  The 
beam  pulse  width  is  100  nsec  and  the  beam  current  is  100 
mA.  The  repetition  is  1  Hz.  To  inject  the  beam,  the  bump 
orbit  is  created  by  a  beam  perturbation  magnet  (BPM). 
Figure  4  shows  the  waveform  of  the  excitation  current  for 
the  BPM.  The  maximum  magnetic  field  of  BPM  is  360 
Gauss  and  the  time  constant  is  300  nsec.  Figure  5  shows 
the  beam  distribution  at  the  injection  point  in  X-X’  phase 
space  when  the  kick  angle  of  the  BPM  is  6  mrad.  The 
index  in  the  figure  shows  a  circulation  number  of  the 
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beam.  The  shaded  area  is  a  septum.  To  improve  the 
emittance  of  the  stored  beam,  the  more  precise  control  of 
the  close  orbit  by  the  correction  magnets  is  needed. 


3.2  Storage  Mode 

In  the  storage  mode,  the  same  injection  scheme  is  used. 
The  differences  are  the  repetition  and  a  beam  window. 
The  beam  repetition  is  0.2  Hz  because  the  damping  time 
is  9.6  sec  in  the  horizontal  direction.  The  thin  foil  is 
attached  in  the  inflector  septum  as  a  beam  window  to 
isolate  the  vacuum  system  between  the  beam  line  and  the 
ring  because  the  design  vacuum  pressure  is  10'9  Torr  in 
the  ring,  while  it  is  10 7  Torr  in  the  beam  line.  The  foil  is 
Kapton  with  the  thickness  of  25  pm.  The  emittance 
growth  is  induced  by  the  multiple  scattering  in  the  foil. 
The  angular  distribution  f(0)  of  the  scattered  electron 
becomes  the  gaussian  function  and  the  width  can  be 
estimated  by  the  Moliere’s  formula  [7], 


where  p  is  a  momentum  of  the  electron.  The  width  c  is 
0.85  mrad  in  this  case.  The  emittance  becomes  2.0  times 


larger.  This  effect  leads  to  the  beam  loss  of  30  %.  So  the 
multiple  injection  after  the  damping  is  needed  in  the 
storage  mode. 
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Figure  4  Waveform  of  the  excitation  current  of 
the  BPM. 
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Figure  5  Beam  distribution  at  the  injection  point  in 
X-X’  phase  space  when  the  kick  angle  by  the 
BPM  is  6  mrad.  The  index  in  the  figure  shows  a 
circulation  number  of  the  beam.  The  shaded  area 
is  a  septum. 
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Abstract 

The  systematic  measurements  of  the  vertical  coherent 
motion  were  made  with  various  chromaticities,  octupole 
magnetic  currents,  beam  currents  and  betatron  tunes  to 
study  its  damping  mechanism  at  the  Photon  Factory 
storage  ring  (PF-ring).  The  polarity  of  the  octupole 
magnetic  currents  corresponding  to  the  sign  of  the 
amplitude  dependent  tune  shift  played  an  important  roll 
in  the  damping  of  the  vertical  coherent  motions.  This  is 
the  same  as  the  horizontal  coherent  motions. 

1  INTRODUCTION 

Recently  we  showed  that  the  sign  of  the  amplitude 
dependent  tune  shift  produced  by  lattice  nonlinearities 
played  an  important  roll  with  the  wake  force  in  the 
damping  of  the  horizontal  coherent  motions  [1].  The 
Landau  damping  is  suppressed  for  the  positive  amplitude 
dependent  tune  shift  due  to  head-tail  effects  at  higher 
beam  current,  while  it  is  amplified  for  the  negative  tune 
shift.  The  phenomenon  is  well  understood  through  both 
of  two  particle  model  and  multi-particle  tracking 
simulation  compared  with  the  experimental  results  [2]. 
Next  we  will  try  to  understand  the  damping  mechanism 
of  the  vertical  coherent  motion.  In  this  conference  we 
will  demonstrate  the  experimental  results  on  the 
damping  of  the  vertical  coherent  motions  with  various 
chromaticities,  octupole  magnetic  currents,  beam 
currents,  and  betatron  tunes. 

2  EXPERIMENTAL  CONDITIONS 

The  experiment  was  performed  in  the  single  bunch 
operation  mode  at  the  PF-ring,  which  is  a  2.5  GeV 
dedicated  synchrotron  light  source.  The  principal 
parameters  of  the  PF-ring  are  shown  in  Table  I.  The 
experimental  method  was  quite  simple.  The  stored  beam 
was  deflected  with  a  vertical  fast  kicker  magnet,  which 
can  give  a  just  single  kick  to  the  beam.  The  kicked  beam 
begins  to  circulate  in  the  ring  with  a  large  amplitude 
coherent  betatron  oscillation.  The  amplitude  can  be 
controlled  by  the  voltage  supplied  to  the  kicker  magnet. 
During  the  measurements  the  voltage  was  fixed  to  keep 
that  the  initial  vertical  amplitude  becomes  about  5  mm  at 
a  place  of  Py=5  m.  Then  the  beam  position  of  the 
coherent  betatron  motion  was  detected  with  the  tum-by- 


turn  monitor  system  at  a  place  of  the  ring  [3].  The  data 
were  taken  till  16384  turn  (about  10  msec),  which  is 
longer  than  the  radiation  damping  time.  The  vertical 
chromaticities  was  controlled  by  the  defocus  sextupole 
magnets  (SD).  The  amplitude  dependent  tune  shift  was 
arranged  with  eight  octupole  magnetic  currents  and  the 
value  is  given  by  the  following  equation, 

Av,  =  3.3  x  10 “4  •  1 00,(A)  •  y(mm)2 

where  y  indicates  the  vertical  amplitude.  The  sign  of  the 
tune  shift  can  be  changed  by  the  polarity  of  the  octupole 
magnetic  currents.  Though  the  magnets  can  be  excited 
independently,  the  same  currents  were  set  during  these 
measurements. 


Table  1:  The  principal  parameters  of  the  PF-ring 


Beam  Energy 

E  (GeV) 

2.5 

Circumference 

C  (m) 

187 

Harmonic  number 

h 

312 

RF  frequency 

fRF(MHz) 

500.1 

Revolution  period 

xrev  (nsec) 

624 

Betatron  tune 

vx,  vy 

8.45,  3.30 

Synchrotron  tune 

vs 

0.023 

Emittance 

ex,  ey  (nmrad) 

125,  2.5 

Beam  size  at  P=5m 

ax,  ay  (mm) 

0.8,  0.1 

Radiation  damping 

tx,  xy,  xs 

7.8,  7.8, 

time 

(msec) 

3.9 

Energy  spread 

ae 

0.00078 

3  EXPERIMENTAL  RESULTS 

3.1  Dependence  of  the  octupole  magnetic 
currents 

First,  we  measured  the  dependence  of  the  octupole 
magnetic  currents.  The  vertical  chromaticity  and 
betatron  tune  are  fixed  at  £y=-0.11  and  vx=3.30, 
respectively.  Except  for  octupole  magnetic  currents  and 
beam  currents,  other  parameters  are  fixed.  The 
measurements  were  made  at  seven  different  octupole 
magnetic  currents  (Ioct=  +1.0,  +0.5,  +0.2,  0.0,  -0.2,  -0.5 
and  -1.0  A)  to  three  beam  currents  (Ibeam=3.0 , 5.0  and 
10  mA).  Figure  1  shows  the  measured  results  at  a  beam 
current  of  5.0  mA. 


0-7 803-5573-3/99/$  1 0.00  @  1999  IEEE. 
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Figure  1 :  The  dependence  of  the  octupole  magnetic  currents  in 
the  damping  behavior  of  the  vertical  coherent  motions  is 
shown.  Data  were  taken  at  a  beam  current  of  5  mA  and  the 
vertical  chromaticity,  betatron  tune  and  other  parameters  are 
fixed. 

The  damping  behavior  of  the  vertical  coherent  motion 
was  rapidly  changed  when  the  magnetic  currents  became 
a  negative  value,  which  is  corresponding  to  the  negative 
sign  of  the  amplitude  dependent  tune  shift.  When  the 
magnetic  currents  are  positive  value,  the  coherent 
motions  damp  exponentially.  This  phenomenon  is  the 
head-tail  damping.  On  the  other  hand,  the  coherent 
motions  damp  very  rapidly  within  100  turn  when  the 
magnetic  currents  are  negative.  This  is  interpreted  as 
Landau  damping  (nonlinear  smear).  So  it  is  seemed  that 
the  Landau  damping  of  the  vertical  coherent  motion  is 
suppressed  for  the  positive  polarity  of  the  octupole 
magnetic  currents  in  beam  currents  of  3-10  mA.  This  is 
the  same  situation  as  the  horizontal  coherent  motions  [2], 

3.2  Dependence  of  the  vertical  chromaticities 

Next,  we  measured  the  dependence  of  the  vertical 
chromaticities.  The  beam  current  and  betatron  tune  are 
fixed  at  Ibeam=5.0  mA  and  vx=3.30,  respectively.  Except 


for  octupole  magnetic  currents  and  beam  currents,  other 
parameters  are  fixed.  The  measurements  were  made  at 


Figure  2:  The  dependence  of  the  vertical  chromaticities  in  the 
damping  behavior  of  the  vertical  coherent  motions  is  shown. 
Data  were  taken  at  an  octupole  magnetic  current  of  +1 .0  A  and 
the  beam  current  of  5.0  mA,  betatron  tune  and  other 
parameters  are  fixed. 

six  different  vertical  chromaticities  (^y=  -1.7,  -1.4,  -1.1, 
+0.53,  +2.1,  and  +5.3  )  to  three  octupole  magnetic 
currents  (Ioct=  +1.0,  0.0  and  -1.0  A  ),  which  were 
selected  as  the  positive,  zero  and  negative  polarity  of  the 
currents.  Figures  2  and  3  show  the  measured  results  at 
the  currents  of  +1.0  and  -1.0  A,  respectively.  Only  head- 
tail  damping  of  the  coherent  motions  was  observed  at  the 
current  of  +1.0  A  although  the  damping  time  depended 
on  the  chromaticities.  The  situation  of  0.0  A  was  almost 
same  as  of  +1.0  A.  On  the  other  hand,  only  Landau 
damping  was  observed  at  the  current  of  -1.0  A,  and  then 
the  damping  time  never  depended  on  the  chromaticities. 

3.3  Measurements  at  lower  beam  current  or 
other  vertical  betatron  tune 

We  measured  the  dependence  of  the  octupole  magnetic 
currents  and  vertical  chromaticity  at  the  lower  beam 
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Figure  3:  Same  as  figure  2,  but  data  were  taken  at  a  n 
octupole  magnetic  current  of  -1.0  A. 

current  of  1 .0  mA  and  another  vertical  betatron  tune  (vy 
=3.25).  The  results  are  shown  in  fig.  4  .  However,  the 
damping  behaviors  were  not  different  from  those  of 
higher  beam  currents  and  vy=3.30.  So  we  may  need 
much  lower  beam  current  or  more  different  betatron  tune 
to  meet  the  different  behavior. 


4  SUMMARY 

We  measured  the  systematic  damping  behaviors  of  the 
vertical  coherent  motions  to  various  chromaticities, 
octupole  magnetic  currents,  beam  currents  and  betatron 
tunes.  In  the  beam  currents  between  0.5  and  10  mA,  only 
head-tail  damping  was  observed  for  the  positive  polarity 
of  the  octupole  magnetic  currents  and  the  damping  time 
depended  on  the  vertical  chromaticities.  On  the  other 
hand,  only  Landau  damping  was  observed  for  the 
negative  polarity,  but  the  damping  time  never  depended 
on  the  chromaticities.  Now  we  are  going  to  make  a 
multi-particle  tracking  simulation  to  compare  the 
experimental  results  quantitatively. 


Figure  4:  Same  as  fig.2,  but  data  were  taken  at  a  beam  current 
of  1.0  mA  and  vertical  betatron  tune  was  changed  from  3.30  to 
3.25. 
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NSCL,  Michigan  State  University,  East  Lansing,  MI  48824 


Abstract 

A  single  particle  analysis  without  space  charge  of  the 
University  of  Maryland  Electron  Ring  was  performed. 
Higher  order  multipole  terms  of  the  dipole  magnets  and 
quadrupole  lenses  were  included.  The  influence  of  the 
Earth’s  magnetic  field  was  balanced  by  Helmholtz-like 
wires  and  the  misalignments  effects  were  corrected  by 
short  dipoles  (correctors)  together  with  adjustment  of  the 
lattice  dipoles.  Mispowering  studies  showed  that  the 
closed  orbit  distortions  and  lattice  functions  variations 
were  within  acceptable  limits. 

1  INTRODUCTION 

The  goal  of  the  Electron-Ring  project  is  the  construction 
of  a  compact,  low-energy  electron  ring  operating  with 
very  high  current  electron  beams.  Experiments  with  this 
facility  should  help  improve  our  understanding  of  space 
charge  dominated  beam  [l],  and  thus,  support  practical 
designs  for  projects  such  as  Heavy  Ion  Driven  Inertial 
Fusion  and  other  advanced  accelerator  applications. 

A  necessary  (but  by  no  means  sufficient)  condition  for  the 
E-Ring  is  reliable  operation  at  zero  current.  The  present 
work  is  concentrated  on  single  particle  analysis  in  the 
absence  of  space  charge.  The  lattice  working  point,  the 
influence  of  magnet  multipoles  on  beam  dynamics, 
compensation  of  the  Earth’s  magnetic  field,  as  well  as 
correction  of  effects  due  to  mechanical  misalignment 
were  evaluated.  The  effects  of  magnet  mispowering  and 
overall  influence  of  imperfections  were  also  considered. 
The  computational  tool  used  was  the  DIM  AD  code  [2]. 

A  general  layout  of  the  E-Ring  is  shown  in  Figure  1.  It  has 
a  circumference  of  11.52  m  and  an  injected  beam  rigidity 
of  3.39  gauss  m.  There  are  36  dipoles  (each  bending  10°) 
and  72  quadrupole  lenses.  The  one  cell  structure  is  FODO 
with  the  E-Ring  consisting  of  36  cells  (=18  segments). 

2  LATTICE  WORKING  POINT 

According  to  preliminary  estimates  of  the  E-Ring  design 
parameters,  the  focusing  structure  should  have  a  phase 
advance  of  about  76°  per  cell  for  a  zero  current  beam.  The 
working  point  (vx=  7.78  and  vy=  7.70)  was  chosen  to  avoid 
all  resonances  up  to  4th  order.  Since  the  estimated  space 
charge  tune  shift  for  full  current  will  be  about 


A v  ~  6.0  (see  [3]),  the  working  point  will  drift  through 


Machine  functions  for  a  cell.  Given  the  chosen  vxy, 
machine  functions  of  the  E-Ring  from  DIMAD  are  shown 
in  Figure  2  where  the  Twiss  functions  and  dispersion  are 
plotted  for  one  segment  (two  cells).  The  matched  machine 
functions  are:  (ix  =0.261  m,  ax  =-1.31,  py=0.264  m,  0Cy= 
+1.32,  T|x  =  0.0358  m,  t|'x  =  0.1447.  The  phase  advances 
for  one  cell  are  vx=0.2161,  vy=0.2139. 

Smear.  To  check  the  choice  of  the  working  point,  a  quan¬ 
titative  criterion  “the  smear  factor”  was  used  to  estimate 
the  phase  volume  dilution  after  multi-turn  tracking. 

Single  particle  tracking  (typically  1000  turns)  produced  a 
data  array  of  phase  coordinates  (x,  x',  y,  y')  after  every 
turn.  The  Courant-Snyder  invariants  for  each  turn  was 
then  calculated  from  the  machine  functions  and  the  phase 
coordinates  at  that  point.  The  array  of  these  invariants  was 
then  processed  and  the  maximum  (A"“xv),  minimum 
(A"“"xy),  and  mean  (Amea"xy)  invariant  values  were  found  [4], 
The  smear  factors  for  the  horizontal  and  vertical  planes 
were  calculated  as:  Sx  =(Amaxx  f  A'J/A"  , . 

For  purely  linear  motion,  the  smear  value  is  equal  zero.  In 
the  presence  of  non-linear  terms  and/or  mechanical 
misalignments,  mispowering  etc.  the  smear  increases. 
From  DIMAD  tracking  to  2nd  order,  the  total  smear 
increase  in  both  planes  for  the  unperturbed  lattice  was 
found  to  be  <1.5%  for  an  emittance  of  10  7t  mm-mrad. 
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Figure  2.  Machine  functions  (|3x  -  solid,  (3y  -  dashed,  T|x 
-  dots)  for  one  segment  (2  cells). 

3  MAGNET  MULTIPOLES 

All  the  ring  magnetic  elements  will  be  fabricated  using 
“printed-circuit”  technology.  Magnetic  measurement  data 
for  the  dipoles  and  quadrupoles,  obtained  from  the 
University  of  Maryland  and  included  in  the  optics 
analysis.  In  the  tracking,  we  assumed  that  all  allowed 
multipoles  were  systematic  (errors  due  to  elements 
fabrication),  whereas  all  errors  corresponding  to  non- 
allowed  multipoles  (errors  due  to  focusing  structure 
assembling)  were  random. 

Dipole  multipole  analysis.  The  magnetic  field  in  the 

D  n=4  ~ 

dipoles  may  be  represented  by  B  -  BpY.  x"  where 

n=Q 

Bp=339  gauss-m  is  the  beam  magnetic  rigidity  and  K° 
are  the  expansion  coefficients.  The  value 
K0D=B°/Bp=4.64  [1/m]  (with  B0D=15.73  gauss  and  an 
effective  length  of  37.6  mm  providing  a  10°  bend).  For 
n>l  one  obtains  KnD  =  K0°  Bf  /(  B0D  R)  and  Bn°  fB°  are 
listed  in  Table  1. 


Table  1.  Dipole  multipole  measurements. 


N 

Amplitude  Bm°/  B0° 

Kf 

Type 

1 

0.076% 

1.481e+00 

Random 

2 

2.00% 

1.637e+02 

Systematic 

3 

0.00% 

0 

Random 

4 

0.49% 

7.074e+04 

Systematic 

Quadrupole  multipole  analysis.  For  the  magnetic  field 
of  a  quadrupole,  we  use  a  similar  representation: 

Bq  =  Bp  K%xn  .The  value  Kf  =227  [1/m2  ]  was  found 

n- 1 

from  lattice  fitting,  and  since  B®  =  BpK,aR  and  Bne  = 
BpKfR"  and  for  n  >  1  are  given 

by  Kn  —  K®B®  /(Rn~lB] ) .  The  quadrupole  multipole 
values  are  listed  in  Table  2. 

Smear  from  Magnet  Multipoles.  The  smear  factor  was 
used  to  estimate  the  influence  of  the  higher-order 
multipoles  on  the  beam  dynamics  of  the  E-Ring.  All 


random  errors  were  assumed  to  have  a  Gaussian 
distribution  with  la  corresponding  to  the  value  of  the 
coefficients  Kf  for  the  random  terms.  The  values  for  the 
systematic  terms  were  fixed  at  the  values  given  since  their 
contribution  to  smear  was  found  negligible  even  for 
several  times  the  measured  values.  (See  Tables  1  and  2). 


Table  2.  Quadrupole  multipole  analysis. 


N 

Amplitude  BnQ/  B,Q 

Type 

2 

1.00% 

1.737e+00 

Random 

3 

0.30% 

2.188e+02 

Random 

4 

0.56% 

1.715e+00 

Random 

5 

0.112% 

7.940e+05 

Systematic 

The  smear  Sx  was  evaluated  as  a  function  of  the  multipole 
strength  by  taking  the  a  value  for  the  Gaussian 
distribution  to  be  1,  2,  3,  or  4  times  the  values  given  in 
Table  1  and  Table  2.  Even  for  random  errors  three  times 
that  measured,  the  smear  is  still  below  5%  after  1000-tum 
tracking  for  a  beam  of  emittance  10  Jt  mm-mrad  [3]. 
Hence,  the  measured  dipole  and  quadrupole  multipoles 
are  adequate  for  the  ring  operation. 

We  found  that  random  errors  (non-allowed  poles)  are  the 
major  contributors  to  smear  growth  with  the  systematic 
errors  providing  minor  contributions  to  the  smear.  The 
largest  contributions  were  due  to  Kf  (the  quadrupole 
component  in  the  dipoles)  and  to  Kf  (the  sextupole 
component  in  the  quadrupoles). 

4  EARTH’S  MAGNETIC  FIELD 

Consistent  with  measurements  by  the  University  of 
Maryland  group  of  the  Earth's  magnetic  field  in  the 
vicinity  of  the  ring,  for  the  tracking  analysis,  the  Earth’s 
magnetic  field  was  represented  as: 

B  =0.225sin  0  [gauss]  (the  radial  field)  and 
B  =-0.55  [gauss]  (the  vertical  field) 

Where  0  is  the  azimuthal  position  around  the  ring. 

The  effect  of  the  Earth's  magnetic  field  was  represented 
by  13  kicks  per  segment  or  234  kicks  around  the  ring.  The 
vertical  field  was  balanced  by  adjustment  of  the  36  ring 
dipole  magnets.  The  radial  field  was  compensated  by  18 
segments  of  Helmholtz-like  conductors  with  the  current  of 
4.6  A.  Under  these  conditions  (the  multipole  values  of 
Table  1  and  Table  2  are  included),  the  analysis  of  the 
closed  orbit  distortion  after  compensation  resulted  in: 
x  =0.508  mm,  y  =0. 167  mm 
x^^O.868  mm,  y  ^=0.453  mm 

5  MISALIGNMENTS  AND 
CORRECTIONS 

Misalignments  of  the  ring  magnetic  elements  were 
evaluated.  The  estimated  probable  misalignment  values 
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are  given  in  Table  3  where  Ax,  Ay,  Az  denote  shifts  in  the 
horizontal,  vertical  and  longitudinal  directions, 
respectively,  and  Az'  is  the  rotation  around  the  z-axis.  The 
mechanical  misalignments  were  then  represented  by  a 
Gaussian  distribution  with  the  a  values  of  Table  3. 

Table  3.  Mechanical  misalignment  values. 


Misalignment 

la  —  value 

Ax 

0.1  mm 

Ay 

0.1  mm 

Az 

1.0  mm 

Az’ 

4.0  mrad 

The  mechanical  misalignments  result  in  closed  orbit 
distortions  (CODs).  The  correction  of  these  CODs 
requires  beam  position  monitors  (BPMs)  combined  with 
active  correctors  in  both  planes.  The  simulated  correction 
scheme  used  the  readjustment  of  the  36  ring  dipole 
magnets  for  horizontal  compensation  and  36  vertical 
correctors  placed  between  the  dipoles  and  quadrupoles  for 
the  vertical  correction.  (The  vertical  corrector  magnetic 
field  strengths  required  were  <1  gauss  at  the  injection 
energy  assuming  an  effective  length  of  1.7  cm). 

Under  these  conditions  (multipole  values  of  Tables  1-2 
included,  but  without  the  effects  of  the  Earth’s  magnetic 
field),  the  CODs  were  evaluated. 


Table  4.  CODs  as  a  function  of  BPM  number  for  the 
misalignment  values  of  Table  3.  *No  BPMs. 


BPM 

# 

Xmax 

(mm) 

Ymax 

(mm) 

Xrms 

(mm) 

Yrms 

(mm) 

0* 

1.81 

1.86 

0.61 

0.77 

15 

1.14 

1.34 

0.34 

0.44 

18 

1.14 

1.07 

0.30 

0.38 

We  have  explored  three  cases:  CODs  before  correction, 
CODs  after  correction  with  18  (one  per  segment)  and  15 
(one  missing  per  segment)  BPMs.  In  Table  4  for  15 
BPMs,  the  CODs  were  evaluated  as  a  function  of  the 
misalignment  values.  The  sigma  of  the  Gaussian 
distribution  was  taken  to  be  1,  2,  and  3  times  the  values  of 
Table  3.  The  results  are  given  in  Table  5. 


Table  5.  CODs  values  after  correction  with  15  BPMs  as  a 
function  of  the  scaled  misalignment  values  of  Table  3. 


G 

scale  factors 

Xmax 

(mm) 

Ymax 

(mm) 

Xrms 

(mm) 

Yrms 

(mm) 

1 

1.14 

1.34 

0.34 

0.44 

2 

2.28 

2.62 

0.70 

0.88 

3 

3.43 

3.84 

1.08 

1.32 

6  MAGNET  MISPOWERING 

The  beam  dynamics  will  also  be  affected  by  mispowering 
of  the  ring  magnetic  elements.  Mispowering  of  the  dipole 
magnets  will  result  in  COD,  whereas  quadrupole 
mispowering  will  primarily  cause  variation  of  lattice 
functions  and  tune.  The  analysis  was  performed  to 
determine  the  appropriate  power  supply  specifications 
with  the  multipoles  of  Tables  1-2  (no  other  perturbations 
were  included).  The  mispowering  perturbations  were 
considered  systematic  and  the  effect  of  mispowering  was 
simulated  by  DIMAD  assuming  a  systematic  error  in  the 
momentum  spread.  The  CODs  as  a  function  of  the  dipole 
mispowering  and  the  |3x,y  functions  variance  as  a  function 
of  quadrupole  mispowering  showed  that  dipole  and 
quadrupole  power  supplies  with  ripple  specifications  of 
104  and  10‘3  respectively,  ensures  acceptable  performance. 

7  DISCUSSION  AND  CONCLUSIONS 

Finally,  under  the  conditions: 

•  Magnet  Multipoles  (values  of  Tables  1-2.) 

•  Earth's  Magnetic  Fields  and  Corrections 

•  Mechanical  Misalignments  (the  values  of  Table  3) 
and  corrections  with  15  BPMs 

•  Magnet  Mispowering  (set  at  104  and  10‘3  for  the 
dipoles  and  quadrupoles  respectively) 

The  overall  CODs  with  all  errors  included  simultaneously 
were: 

x  =1.0  mm,  y  =0.47  mm 

rms  7  J  rms 

x  =2.3  mm,  ym  =1.30  mm. 

max  7  J  max 

We  conclude  that  the  choice  of  the  focusing  structure  will 
provide  adequate  ring  performance  in  the  absence  of 
space  charge.  An  unusual  feature  of  the  E-Ring  is  the 
significant  influence  of  the  Earth's  magnetic  field.  The 
Helmholz-like  wires  were  found  to  be  an  efficient 
mechanism  for  compensation  of  the  radial  component  of 
this  field.  Though  not  investigated,  it  might  be  possible  to 
utilize  the  corrector  dipole  magnets  (used  to  correct  for 
the  mechanical  misalignments)  in  lieu  of  the  Helmholz 
coils. 
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Abstract 

A  new  attempt  is  made  to  model  a  linearly  coupled 
machine  using  the  measured  coupled-orbit  response. 
Rather  than  seeking  for  the  skew  errors  of  the  existing 
magnets,  the  aim  is  to  obtain  an  effective  skew  error 
distribution  that  consistently  describes  the  measured 
coupling  characteristics.  Such  a  solution  is  actually  found, 
which  is  assured  by  the  simulation  that  the  measured  orbit 
cross-talk  provides  sufficiently  accurate  information  on  the 
locally  integrated  skew  errors  in  the  ESRF  configuration. 
To  pursue  the  limit  of  correction,  an  optimisation  of  the 
skew  corrector  position  is  then  made  with  respect  to  the 
obtained  error  distribution,  with  which  a  large  reduction 
by  nearly  an  order  of  magnitude  is  achieved  on  the  model 
as  compared  to  the  standard  correction.  The  actual  steps  in 
realising  the  lowest  coupling  values  on  the  real  machine 
with  additional  correctors  are  described.  In  the  regime 
where  the  magnitude  of  the  orbit  cross-talk  is  already  too 
small  to  be  measured,  the  X-ray  pinholes  are  utilised, 
which  are  capable  of  measuring  the  vertical  emittance 
down  to  several  picometres. 

I  INTRODUCTION 

The  correction  of  linear  coupling  is  of  great  importance  at 
the  ESRF  [1],  as  the  coupling  is  inversely  proportional  to 
the  brilliance,  the  principal  machine  performance.  The 
coupling  at  the  ESRF  is  corrected  to  better  than  1%  for 
daily  operation  from  the  initial  value  of  larger  than  10% 
with  16  skew  correctors.  Focusing  upon  the  fact  that  a 
non-zero  off-diagonal  orbit  response  matrix,  otherwise 
called  the  orbit  cross-talk,  results  from  the  linear 
coupling,  the  correction  starts  from  minimising  the  orbit 
cross-talk  to  a  certain  degree,  which  provides  a  good  base 
for  the  subsequent  resonance  compensations.  This 
motivated  us  to  develop  an  improved  minimisation  of  the 
orbit  cross-talk  to  further  reduce  the  coupling. 

In  the  meanwhile,  an  accurate  calibration  of  quadrupoles 
was  carried  out  using  the  diagonal  part  of  the  response 
matrix  [2],  which  triggered  our  second  motivation  to  solve 
for  the  skew  errors  from  the  off-diagonal  matrix,  as  a 
natural  extension  of  the  work  on  the  diagonal  matrix.  In 
the  coupled  equations  of  the  orbit  response  due  to  a  steerer 
excitation,  the  skew  strengths  appear  linearly  in  the 
dipolar  terms  for  the  orthogonal  orbit.  A  vertical  orbit 
shift  Azqq  due  to  yth  horizontal  steerer  by  A6hj,  can  be 
represented  for  example  in  the  matrix  notation  as 


=  *<v>  (1) 

A  dHj  J 

where  a  represents  an  array  of  skew  errors,  the  positions 
of  which  are  defined  by  the  model.  and  R^Vhk  316 

respectively,  the  horizontal  response  matrix  from  steerer  j 
to  skew  quadrupole  k,  and  the  vertical  from  skew 
quadrupole  k  to  BPM  i.  It  is  assumed  that  they  are  known 
accurately  from  the  diagonal  matrix  analysis.  The  skew 
errors  can  thus  be  solved  via  the  matrix  inversion  (e.g. 
SVD  method). 

2  MODELLING  OF  A  LINEARLY 
COUPLED  MACHINE  [3] 

2.1  Simulation 

Minimisation  of  the  orbit  cross-talk  is  found  to  be  made 
effectively  with  a  general  least  square  method,  readily 
bringing  the  rms  of  the  cross-talk  orbit  down  to  several 
microns.  A  noteworthy  finding  resulted,  however,  that  the 
reduced  orbit  cross-talks  do  not  necessarily  produce  smaller 
couplings.  The  relation  turns  out  to  depend  sensitively  on 
the  steerer-BPM-skew  corrector  configuration.  In  the  case 
of  ESRF,  the  best  solutions  for  the  coupling  even 
increase  the  orbit  cross-talk. 
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Figure  1:  Locally  integrated  skew  strengths  (every  10 
meters)  between  the  original  and  reconstructed  machines. 


Although  the  orbit  cross-talks  and  the  betatron  motions 
satisfy  the  same  coupled  equations,  the  fact  that  the  former 
are  special  periodic  solutions  is  suspected  to  be  the 
underlying  reason  for  this  non-trivial  correlation.  With 
respect  to  the  solution  of  Eq.  1  for  the  specific  ESRF 
configuration,  we  find  that  there  is  not  a  good  enough 
resolution  to  identify  the  individual  tilt  errors  of  the 
quadrupoles.  However,  locally  integrated  strengths  can  be 
well  reproduced  (Fig.  1),  which  describe  the  coupling  of 
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the  original  machine  locally  and  globally  in  a  satisfactory 
manner.  In  contrast  to  the  work  made  on  the  same 
principle  [4],  the  importance  of  building  an  effective  skew 
distribution  may  therefore  be  stressed,  which  also 
conforms  with  the  fact  that  the  skews  errors  due  to  vertical 
orbit  offsets  in  the  sextupoles  are  comparable  to  the 
quadrupole  tilts  for  the  ESRF  machine. 

2.2  Application  to  the  Real  Machine 


Figure  2:  Obtained  skew  distribution  of  the  uncorrected 
coupling. 


Position  [m] 


Figure  3:  Predicted  vertical  dispersion  of  the  uncorrected 
coupling,  in  comparison  with  the  measured  one. 

With  the  measured  matrices,  the  effect  of  averaging  turns 
out  to  be  particularly  important  in  removing  the  involved 
imperfections.  Equation  1  is  solved  with  the  SVD  method 
for  a  pair  of  steerers  belonging  to  the  same  family,  optics 
wise,  whose  skew  distribution  is  averaged  over  the  entire 
pairs.  Searching  the  best  number  of  eigenvectors  is  found 
to  be  equally  important.  The  measured  coupled  orbits  are 
reproduced  typically  to  few  microns  rms.  The  resultant 
skew  distribution  of  the  machine  without  coupling 
correction  exhibits  several  localised  peaks  (Fig.  2).  It 
reproduces  well  the  measured  vertical  dispersion  (Fig.  3), 
as  well  as  the  tune  separation  around  the  coupling 
resonance  (Fig.  4),  i.e.  the  two  major  coupling 
observables.  Most  computations  were  made  with  10  skew 
flags  per  cell.  Although  valid  solutions  can  be  obtained 
with  a  smaller  number  of  flags,  it  results  in  increasing  the 
magnitude  of  the  individual  skew  strengths. 


dl  [A]  of  QF7 

Figure  4:  Predicted  tune  separation  of  the  uncorrected 
coupling,  in  comparison  with  the  measured  one. 

3  COUPLING  CORRECTION 

Having  obtained  the  effective  error  skew  distribution  of 
the  ESRF  machine,  one  can  attempt  to  correct  the 
coupling  on  the  model.  The  resulting  skew  corrector 
strengths  agree  well  with  those  actually  obtained  from  the 
standard  corrections  on  the  field. 


Figure  5:  Correction  efficiency  of  the  most  effective 
correctors,  in  comparison  with  the  standard  ones. 

As  an  useful  application  of  the  model,  a  search  was  made 
for  the  most  effective  corrector  positions  with  respect  to 
the  skew  errors.  Placing  96  skew  correctors  around  the 
model  machine  at  allowed  locations,  minimisation  of  the 
normal  mode  coupling  was  made  with  the  best  corrector 
method,  taking  account  of  the  correlation  among  the 
selected  correctors.  A  large  reduction  to  -0.05%  was 
obtained  on  the  model  coupling  with  16  selected 
correctors,  as  compared  to  -0.3%  reached  with  the  standard 
correctors  (Fig.  5).  Interestingly,  the  orbit  cross  talk  is 
simultaneously  suppressed  in  the  optimised  correction. 
Figure  6  summarises  the  relation  between  the  coupling 
and  the  orbit  cross-talk  for  the  three  characteristic  coupling 
states:  1)  Uncorrected.  Best  corrected  with  2)  the  existing 
correctors,  and  with  3)  the  most  effective  correctors. 
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Figure  6:  Relation  between  the  coupling  and  the  orbit 
cross-talk  for  three  different  correction  states  described  in 
the  text. 


16  additional  skew  correctors  were  installed  accordingly  in 
the  ring.  Anticipating  unavoidable  discrepancies  between 
the  model  and  the  real  machine  as  well  as  the  reduction  of 
the  orbit  cross-talk  which  would  prevent  from  iterating  the 
response  matrix  analysis,  an  alternative  correction  method 
was  prepared.  The  developed  scheme  minimises  the 
vertical  beam  sizes  measured  with  the  X-ray  pinhole 
cameras  at  two  different  locations  in  the  ring.  Utilising 
the  bending  magnet  radiation,  the  pinhole  set-ups  are 
capable  of  measuring  the  vertical  emittances  down  to  5 
pmrad.  Details  are  found  in  Ref.  5.  Simulations  show 
that  with  the  vertical  dispersion  included  with  a  proper 
weighting,  the  minimisation  of  the  vertical  beam  sizes  at 
the  two  pinhole  locations  manages  to  reduce  the  coupling. 


Figure  7:  Reduction  of  the  measured  vertical  beam  size 
with  the  number  of  steps  in  the  empirical  correction. 

Applying  the  model  solutions  to  the  machine,  the 
coupling  expectedly  reached  a  level  lower  than  the  standard 
value.  The  empirical  minimisation  of  the  measured 
vertical  beam  sizes  further  reduced  successfully  the  vertical 
emittances  down  to  12  pm  rad  (0.3%  coupling).  In 
accordance  with  the  prediction,  the  measured  orbit  cross 
talk  was  significantly  suppressed  (the  rms  is  5  pm  against 


4  pm  of  predicted).  Together  with  the  vertical  dispersion 
which  is  reduced  to  -0.3  cm  rms  (instead  of  0.15  cm 
predicted),  the  reached  setting  is  expected  to  be  in  the 
vicinity  of  the  best  point. 


Figure  8:  The  two  beam  images  of  the  X-ray  pinholes  at 
the  lowest  coupling  achieved  (ev  -12  pm  rad).  Note  that 
the  beta  values  at  the  source  points  are  approximately 
2.7  m  horizontally  and  35  m  vertically. 

4  CONCLUSION 

It  was  demonstrated  that  from  the  coupled-response  matrix 
(orbit  cross-talk),  sufficiently  accurate  information  can  be 
extracted  on  the  source  of  the  linear  coupling,  namely  the 
effective  error  skew  distribution.  The  present  approach 
therefore  has  the  great  advantage  of  understanding 
quantitatively  the  local  details  of  the  coupling  of  the 
machine,  which  is  of  particular  importance  for 
synchrotron  light  sources.  The  derived  model  was 
successfully  utilised  to  perform  the  most  effective 
correction  by  optimising  the  corrector  locations.  Starting 
from  the  model  solution,  minimisation  of  two  vertical 
beam  sizes  measured  with  X-ray  pinholes  managed  to 
lower  the  coupling  to  -0.3%  from  the  standard  value  of 
-0.8%.  The  reason  for  the  remaining  discrepancy  to  the 
predicted  coupling  is  to  be  investigated. 
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Abstract 

The  paper  discusses  the  use  of  Compton  backscattering  of 
an  intense  laser  light  on  a  relativistic  electron  beam  to 
produce  high-intensity  /beams,  and  also  the  practicability 
of  the  concept.  Requirements  on  the  parameters  of 
electron  and  photon  beams  are  described,  and  the  lattice 
of  the  electron  storage  ring  with  a  beam  energy  up  to  150 
MeV  is  proposed,  wherein  experiments  on  intense  photon 
beam  generation  and  laser  cooling  of  the  electron  beam 
can  be  conducted.  Electron  beam  parameters  in  the 
storage  ring  are  calculated  with  due  regard  for  the 
intrabeam  scattering,  photon  beam  parameters  are  also 
estimated.  The  scheme  of  experiment  that  enables  the 
production  of  a  photon  beam  with  an  intensity  of  -lO'Y1 
is  proposed. 

1  INTRODUCTION 

Telnov  [1]  has  proposed  the  method  of  cooling  the 
electron  beam  with  a  laser  light,  that  makes  it  possible  to 
reduce  the  transverse  beam  emittance  by  1  to  3  orders  of 
magnitude. 

Huang  and  Ruth  [2]  have  put  forward  a  proposal  to  create 
a  laser-electron  storage  ring  (LESR)  with  an  electron 
energy  ranging  from  a  few  MeV  to  several  hundred  MeV, 
wherein  the  laser  cooling  is  used  for  compensating  the 
intrabeam  scattering  effects;  this  permits  one  to  minimize 
transverse  beam  emittances  and  to  produce  intense  beams 
of  photons. 

The  electron  beam  is  injected  to  the  storage  ring,  and 
simultaneously,  an  intense  laser  pulse  is  introduced  in  a 
high  -  <2-factor  optical  resonator.  The  laser  pulse  path 
length  is  chosen  in  such  a  way  as  to  exactly  correspond  to 
the  revolution  period  of  electron  beam.  Then,  with  each 
revolution,  electrons  collide  with  a  light  pulse  in  the 
resonator  focus.  The  laser  pulse  in  the  LESR  acts  on  the 
beam  much  like  a  very  strong  undulator  or  a  wiggler, 
therefore  a  rapid  laser  cooling  leads  to  very  low  beam 
emittances  even  at  moderate  (about  100  MeV)  energies. 

2  CHOICE  OF  THE  LESR  LATTICE 

In  deciding  on  a  particular  lattice  of  the  LESR  intended 
for  performing  experiments  on  laser  cooling  of  the  stored 
beam  and  on  y  generation  with  the  use  of  Compton 
backscattering,  it  is  necessary  to  solve  the  following 


problems: 

•  to  provide  the  maximum  density  of  the  electron  beam 
in  the  region  of  its  interaction  with  the  photon  beam 
(interaction  point  -  IP)  stored  in  the  optical  resonator; 

•  an  increase  in  the  electron  beam  density  leads  to  an 
increase  in  the  nonlinear  Coulomb  tune  shift  and  in 
the  enhancement  of  intrabeam  scattering  effects; 
therefore,  the  beam  dimensions  around  the  whole 
circumference  of  the  ring  must  be  much  greater  than 
at  the  IP.  In  other  words,  the  lattice  must  comprise 
only  one  low  -/)  insertion; 

•  the  strong  focusing  of  the  beam  in  the  low-/)  insertion 
determines  a  high  natural  chromaticity  of  the  ring.  The 
presence  of  only  one  low-/)  insertion  reduces  the 
degree  of  storage  ring  symmetry  down  to  N=1  and 
this  drastically  extends  the  spectrum  of  azimuthal 
harmonics  of  nonlinear  perturbations  and  restricts  the 
dynamic  aperture  (DA). 

In  view  of  these  considerations,  we  have  suggested  a 
version  for  reconstruction  of  the  operative  storage  ring  N- 
100  [3]  in  order  to  carry  out  Compton  backscattering 
experiments.  The  layout  of  the  focusing  structure 
elements  are  shown  schematically  in  fig.  1 . 

The  arc  lattice  and  phase  advances  of  betatron  oscillations 
are  chosen  proceeding  from  the  requirements  of  providing 
optimum  conditions  for  correction  of  natural  chromaticity 
of  the  ring.  The  matching  of  arcs  and  long  straight 
sections  is  accomplished  by  quadrupole  lens  triplets.  The 
existing  bending  magnets  of  the  ring  N-100  with  a 
bending  angle  f=  90°  will  be  used. 

The  momentum  compaction  factor  under  operating 
conditions  with  two  dispersion-free  long  straight  sections 
will  be  high.  The  equilibrium  energy  spread  during 
Compton  photon  generation  makes  up  several  percent  [2] 
and  holding  such  a  beam  in  the  facility  with  a  high 
momentum  compaction  factor  calls  for  great  voltages  of 
RF  power  supply.  The  placement  of  a  sufficient  number 
of  accelerating  structures  in  the  compact  facility  appears 
impossible. 

The  abandonment  of  the  dispersion-free  injection  section 
makes  the  solution  of  this  problem  possible.  In  this  case, 
the  mode  of  operation  of  the  storage  ring  can  be  easily 
varied  to  control  the  value  of  the  momentum  compaction 
factor.  At  these  operating  conditions,  the  long  straight 
section  with  the  IP  remains  dispersion-free,  while  at  the 
injection  section  the  dispersion  function  is  non-zero. 
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Retuning  is  realized  by  all  quadrupole  lenses  of  the  ring, 
while  the  tunes  remain  unchanged  and  the  optical 
functions  of  the  ring  vary  insignificantly  (naturally, 
exclusive  of  the  dispersion  function).  Among  the 
advantages  of  this  mode  of  operation  is  the  fact  that  the 
existence  of  an  additional  dispersion  section  makes  it 
possible  to  optimize  the  task  of  correcting  the  natural 
chromaticity  of  the  ring,  this  being  a  currently  central 
problem  for  compact  rings  with  great  beam  energy 
spreads.  With  the  additional  high-dispersion  section  it 
appears  possible  to  weaken  the  intrabeam  scattering 
effects  and  to  diminish  the  electron  beam  dimensions  that 
have  set  in.  Since  retuning  is  carried  out  at  fixed  tunes, 
the  beam  can  be  stored  at  operating  conditions  with  a 
dispersion-free  injection  section,  and  thereafter  the 
operating  conditions  with  a  low  momentum  compaction 
factor  can  be  adjusted.  Incidentally,  the  DA  of  the  storage 
ring  permits  beam  injection  at  conditions  with  a  lower 
value  of  momentum  compaction  factor,  too. 

The  main  parameters  of  the  storage  ring  for  the  stored 
beam  energy  E  =  100  MeV  are  given  in  table  1  (values 
given  in  brackets  correspond  to  a  low  momentum 
compaction  factor).  The  beam  parameters  with  due  regard 
for  the  intrabeam  scattering  effects  were  calculated  using 
the  results  of  [4].  In  the  calculations,  the  coupling 
coefficient  of  vertical  and  radial  betatron  oscillations  was 
put  to  be  0.1.  The  stored  current  in  the  bunch  was 
assumed  to  be  10  mA  (~  2.5- 109  particles). 

Table  1. 


Main  parameters  of  the  storage  ring 


Parameter 

Value 

Operating  energy  range  [MeV] 

40-160 

Injection  energy  [MeV] 

70 

Circumference  [m] 

Tunes: 

12.004 

horizontal,  Qx 

3.162 

vertical,  Qz 

Amplitude  functions  at  IP  [cm]: 

1.220 

horizontal,  // 

3 

vertical,  [i. 

6 

RF  voltage  amplitude  [MV] 

0.4 

RF  frequency  [MHz] 

699.28 

Harmonic  number,  h 

28 

Momentum  compaction  factor,  a 

0.098 

(0.0061) 

Synchrotron  oscillation  tune,  Qs 

0.041 

(0.010) 

Energy  acceptance,  [  %] 

±3  (+12) 

Natural  emittance  ex,  [nm] 

14.7(14.0) 

Horizontal  beam  size  at  IP  with  IBS,  [jjun] 
Natural  chromaticity: 

120(160) 

in  horizontal  plane,  4 

-3.89  (-4.22) 

in  vertical  plane,  4 

-10.9  (-10.9) 

Fig.  2  shows  the  amplitude  and  dispersion  functions  of 
focusing  for  the  operating  conditions  with  low 
momentum  compaction  factor  a  =  0.0061. 


The  DA  dimensions  calculated  for  peak  values  of 
amplitude  functions  are  found  to  be  about  ±22  mm  and 
±30  mm  in  horizontal  and  vertical  planes,  respectively 
(energy  spread  5=±0.5%).  The  DA  dimensions  in  the 
horizontal  plane  are  approximately  coincident  with  the 
physical  aperture  size,  while  in  the  vertical  plane  they  are 
far  in  excess  of  the  latter,  and  are  quite  sufficient  for 
realizing  injection,  beam  storage  and  conducting  physical 
experiments.  The  problems  of  correcting  natural 
chromaticity  of  the  ring  for  high  values  of  the  steady 
energy  spread  need  further  consideration. 


3  OPTICAL  EQUIPMENT  OF  THE  LESR 

The  straight  section  of  the  storage  ring  and  the  half-axis 
of  the  optical  resonator  are  aligned.  The  resonator  is 
formed  by  two  high-quality  mirrors  and  with  the 
reflection  coefficients  close  to  unity.  The  doubled  spacing 
between  the  resonator  mirrors  is  equal  to  the  electron 
orbit  length  in  the  storage  ring.  The  single-mode  laser 
generates  light  pulses  of  50  ns  length  (light  bunch  length 
Of=  15  mm),  with  a  pulse-repetition  frequency/ -  104  and 
an  average  power  P  =  100  W  (flash  energy  being  about  10 
mJ).  The  laser  active  element  is  manufactured  from  an 
yttrium-aluminum  garnet  crystal  activated  with 
neodymium  (AW:  YAG ).  The  wavelength  of  the  main 
harmonic  is  A  =  1.06  )Jm.  The  photon  beam  is  focused  so 
that  its  minimum  transverse  size  is  achieved  in  the  middle 
of  the  interaction  region. 


4  PARAMETERS  OF  ELECTRON  AND 
PHOTON  BEAMS 


Proceeding  from  the  parameters  of  storage  ring  and 
optical  equipment  as  given  in  the  previous  sections,  as 
well  as  from  the  consideration  presented  in  [2],  we  can 
estimate  the  parameters  of  the  electron  beam  and  the 
photon  beam  in  the  LESR  N-100  for  the  electron  beam 
energy  E  =  100  MeV,  the  photon  energy  in  the  beam  e#  = 
1.17  eV  (this  corresponding  to  the  laser  wavelength  of 
1 .06  jim  -  AW:  YAG  laser). 

For  the  given  laser  flash  energy  EL  =10  mJ,  the  number  of 
photons  in  the  flash  will  be  ny  =  5.33- 1016.  The  average 
energy  loss  by  the  electron  on  its  interaction  with  the  laser 
flash  photon  is  er  ~  100  KeV,  and  the  average  energy 
losses  by  the  electron  beam  per  turn  are  given  by 

(A E)e=sr^ 


nvar 

:£r-~-  =5eV, 
no. 


where  cr,  -  Compton  scattering  cross-section, 
ox  -  horizontal  size  of  electron  beam. 

At  a  stored  beam  energy  E  =  100  MeV,  the  synchrotron 
radiation  losses  make  up  17.7  eV.  In  principle,  this  will 
permit  experimental  verification  of  laser  cooling  effects. 
The  balance  between  the  damping  rate  and  the  growth 
rate  of  transverse  emittance  gives  the  values  of  minimum 
normalized  transverse  emittances: 
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faL  -  '810' 


10  al 

where  /?/  -  amplitude  function  in  IP. 

At  Compton  scattering  the  energy  spread  in  the  beam 
increases  because  of  energy  fluctuations  of  scattered 
electrons.  The  energy  spread  that  set  in  is  given  by: 

\ 


S  )min 


/min 


y  =2.6  1 


For  the  RF  acceptance  aRF  =  12%  the  quantum  lifetime 
will  be  xq  ~  450  s,  this  being  quite  sufficient  for 
conducting  experiments. 

At  a  particle  number  in  the  bunch  Ne  ~  2.5- 109,  a  mirror 
reflectivity  of  0.9999,  the  beam  size  at  the  IP  ax~  150  fim 
and  the  laser  pulse  frequency  f-  104,  the  total  number  of 
Compton  photons  will  make  up  Nr  ~  2.51012  s'1.  An 


increase  in  the  energy  spread  of  the  electron  beam  as  it 
interacts  with  the  laser  photon  beam  will  depress  the 
intrabeam  scattering  effects,  and  this  must  cause  the 
Compton  photon  yield  to  increase. 

5  CONCLUSION 

A  scheme  of  re-designing  the  electron  storage  ring  N-100 
to  generate  backward  Compton  gamma-quanta  with  an 
intensity  of  ~  1013  s'1  is  proposed.  The  facility  can  provide 
high-intensity  y  beams  over  a  wide  energy  range  due  to 
both  the  variation  in  the  wavelength  of  laser  light  and 
energy  readjustment  of  the  electron  storage  ring.  The 
facility  will  permit  research  into  the  process  of  laser 
cooling  of  the  electron  beam  in  the  storage  ring. 


Figure  2.  Amplitude  functions  (horizontal  (1),  vertical  (2) 
and  dispersion(3))  of  focusing  for  the  mode  of  operation 
with  a  momentum  compaction  factor  (a  =  0.0061).  BM  - 
bending  magnets,  QF  and  QD  -  quadrupole  lenses 
focusing  and  defocusing  in  the  horizontal  plane. 
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Abstract 

We  present  the  status  of  prototype  work  on  the  main 
components  of  the  LNLS  500  MeV  booster  synchrotron 
project.  We  present  results  of  the  characterization  of  the 
booster  magnets  and  power  supplies. 

1  INTRODUCTION 

The  Brazilian  National  Synchrotron  Light  Laboratory, 
LNLS,  is  currently  building  a  500  MeV  booster 
synchrotron  to  increase  the  injection  energy  into  the  UVX 
1.37  GeV  electron  storage  ring,  which  has  been  running 
routinely  for  synchrotron  radiation  research  since  July 
1997.  The  decision  to  upgrade  the  injection  energy  arose 
from  the  need  to  install  small  gap  insertion  devices  and 
also  to  further  increase  the  stored  beam  current  by 
improving  the  injection  efficiency.  Figure  1  shows  the 
layout  of  the  booster,  which  will  be  installed  inside  the 
storage  ring.  Table  I  shows  the  main  machine  parameters. 
A  detailed  account  of  the  machine  conceptual  design  and 
the  rationale  for  the  choice  of  the  main  parameters  was 
given  in  previous  work  [1].  In  this  report,  we  concentrate 
on  the  first  results  from  the  booster  magnet  and  power 
supply  prototypes. 

2  BOOSTER  MAGNETS 

The  booster  magnets  are  laminated  and  laser  cut  from  1 .5 
mm  thick  low  carbon  steel  sheets  and  assembled  without 


welding  by  using  tie  rods.  This  technique  already  proved 
to  produce  good  quality  magnets  and  provides  very  high 
flexibility  in  changing  the  lamination  profile  during  the 
prototyping  phase.  The  faces  of  the  laminations  were 
oxidized  to  minimize  eddy  current  effects  in  the  magnetic 
field.  The  Poisson  2D  [2]  code  has  been  used  to  optimize 
the  pole  and  coil  shapes. 

Prototypes  of  the  dipoles,  quadrupoles,  sextupoles  and 
corrector  magnets  have  been  built  and  characterized. 

Table  I:  Injector  ring  main  parameters. 


Maximum  energy . 500  MeV 

Injection  energy .  120  MeV 

Circumference . 34.0  m 

RF  frequency . 476.0  MHz 

Horizontal  tune . 2.27 

Vertical  tune .  1.16 

Horizontal  natural  chromaticity . -2.1 

Vertical  natural  chromaticity . -2.5 

Repetition  rate . 0.2  Hz 

Current  (@  500  MeV) . 70  mA 


Storage  ring  filling  time  (300  mA)..„  2 _ min 

2.1  Dipoles 

Table  II  shows  the  main  parameters  of  the  dipole 
magnets,  including  some  results  of  the  first  prototype. 
The  basic  constraints  guiding  the  design  were  the 
maximum  field,  the  small  space  available  for  magnet 
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installation,  the  working  load  limit  of  the  crane  available 
in  the  machine  hall  and  a  maximum  time  constant 
(inductance/resistance)  of  one  second.  These 
considerations  led  us  to  choose  a  water  cooled  rectangular 
C-shaped  staggered  magnet. 

The  field  map  on  the  symmetry  plane  of  the  magnet 
has  been  measured  with  a  Hall  probe  and  the  results  have 
been  used  to  optimize  the  pole  profile  with  shims.  Figure 
2  shows  the  resulting  integrated  field  transverse  profile. 

Dynamic  measurements  (figure  3)  have  shown  that  the 
influence  of  eddy  currents  in  the  integrated  field  are  less 
than  0.1%  as  could  be  anticipated  from  the  rather  low 
booster  repetition  rate  (0.2  Hz)  and  correspondingly  long 
ramping  time  (3  s). 

Table  II:  Main  parameters  of  the  booster  dipole  magnets 
(*  indicates  maximum  measured  values). _ 


Deflection .  30  deg 

Bending  radius .  1.026  m 

Gap .  36  mm 

Required  good  field  region: .  1  10‘4  ±10  mm 

.  1  10‘3  ±25  mm 

Current* .  300  A 

Current  density* .  4.55  A/mm2 

Voltage* .  9.8  V 

Power* .  8940  W 

Magnetic  Field* .  16770  Gauss 

Inductance* .  0.11  H 


Fig.  2:  Dipole  magnet  integrated  field  profile  before  and 
after  shims  were  added  (current  =  1 80  A). 


Fig.  3:  Relative  variation  of  the  field  in  the  centre  of  the 
dipole  magnet  as  a  function  of  ramping  time.  Two 
ramping  times  are  compared  (60  seconds  and  3  seconds). 


2.2  Quadrupoles 

The  main  constraint  to  be  observed  in  the  quadrupole 
design  was  to  achieve  the  required  field  gradient  without 
water  cooling  the  coils.  Table  III  shows  the  main 
parameters. 

The  rotating  coil  method  has  been  used  to  make  the 
harmonic  analysis  and  figure  4  illustrates  the  results 
obtained  with  this  technique.  The  harmonic  composition 
of  the  integrated  field  is  not  critically  dependent  on  the 
excitation  current.  The  field  perturbation  produced  by 
eddy  currents  measured  in  the  middle  of  the  magnet  and 
10  mm  far  from  its  center,  is  about  1.5  Gauss. 


Table  III:  Booster  quadrupole  magnet  parameters. 


Bore  radius . 

. 27 

mm 

Core  length . 

.  180 

mm 

Total  length . 

mm 

Current* . 

.  10 

A 

Current  density* . 

.  1.06 

A/mm2 

Voltage* . 

.  10.39 

V 

Power* . 

.  103.9 

W 

Gradient* . 

. 7.35 

T/m 

Inductance* . 

. 0.26 

H 

Coil  temperature* . 

. 46 

°C 

2  4  6  8  10  12  14  16  18  23 

Number  of  poles  (n) 


Fig.  4:  Harmonic  analysis  of  the  integrated  quadrupole 
field. 

2.3  Sextupoles 

The  sextupole  was  divided  into  just  two  parts  to  guarantee 
radial  symmetry  of  the  poles  (Table  IV).  For  this  design, 
the  main  difficulty  comes  from  the  small  space  available 
for  the  coils. 


Table  IV:  Booster  sextupole  magnet  parameters. 


Bore  radius . 

. 27 

mm 

Core  length . 

.  100 

mm 

Total  length . 

.  150 

mm 

Current* . 

.  10 

A 

Current  density* . 

. 2.14 

A/mm2 

Voltage* . 

. 5.30 

V 

Power* . 

. 53 

w 

Gradient* . 

. . . 224 

T/m2 

Inductance* . 

. 0.023 

H 

Coil  temperature* . 

. 42 

°C 
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3  BOOSTER  MAGNET  POWER  provides  a  fast  and  simple  mode  of  operation. 


SUPPLIES 

Table  V  shows  the  main  parameters  of  the  booster  power 
supplies.  Prototypes  of  all  booster  magnet  power  supplies 
have  been  built  and  tested.  Except  for  the  dipole  power 
supply,  all  others  have  been  tested  under  full  load 
operation. 

The  dipole  power  supply  is  a  combination  of  a  6-pulse 
thyristor  power  supply  in  series  with  Switch  Mode  Power 
Supply  (SMPS)  which  works  an  active  filter  [3]  to 
provide  low  ripple  and  tracking  of  the  current  reference 
during  ramping  (figure  5).  The  SPMS  deals  only  with  a 
fraction  of  the  total  power  and  provides  for  the  fast 
response. 


Fig.  5:  Booster  magnet  power  supply  topology. 


Up  until  now,  this  power  supply  has  been  tested  with 
the  first  booster  dipole  prototype  (time  constant  =  1  sec). 
In  order  to  achieve  the  design  repetition  rate  for  the 
booster,  we  use  a  solid  state  switch  in  parallel  with  a 
resistor  equivalent  to  twice  the  dipole  resistance,  so  that 
when  the  current  reference  is  reduced  (nearly  instantly) 
from  the  maximum  value  to  the  minimum  at  the  end  of 
each  ramping  cycle,  the  additional  resistor  is  switched  in, 
thus  reducing  the  circuit  time  constant.  Figure  6  shows  a 
typical  operation  cycle  for  this  power  supply. 

The  power  supplies  for  the  quadruples  and 
sextupoles  consist  of  an  off-line  AC/DC  converter 
followed  by  a  chopper  stage.  Current  regulation  is 
accomplished  by  current  limit  modulation,  which 


Fig.  6:  Typical  dipole  current  waveform  in  a  cycle  of 
operation  (60  A/div,  1  sec/div). 

4  OTHER  COMPONENTS 

Design  and  prototype  work  is  also  under  way  for  various 
other  booster  components.  The  pulsed  magnets  (injection 
and  ejection  septa)  have  been  designed  and  most 
components  (ferrite  blocks,  high  voltage  power  supplies, 
thyratrons,  etc.)  have  been  ordered  from  industry.  These 
are  all  ferrite  core  magnets  with  thyristor  or  thyratron 
switched  pulsers.  The  most  challenging  one  is  the  ejection 
kicker,  which  must  provide  a  very  fast  rise  time  (shorter 
than  20  ns)  in  order  to  guarantee  a  large  transfer 
efficiency  to  the  storage  ring.  The  control  system  is 
basically  the  same  as  developed  for  the  storage  ring,  with 
special  care  taken  to  guarantee  the  fast  response  needed  to 
implement  the  energy  ramp.  The  RF  power  requirements 
are  sufficiently  low  (below  1  kW)  that  a  solid  state 
amplifier  is  being  considered. 
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Table  V:  Booster  magnet  power  supplies. 


Magnet 

#  Mags,  per 
supply 

#  Power 
supplies 

Current  Range 
(A) 

mssm 

mssumm 

Stability 

L 

(H) 

R 

(G) 

12 

01 

58-300 

iBiESHK 

10'5 

1.44 

1.2 

Quads 

02 

09 

0-10 

10'5 

0.12 

0.25 

Sext. 

04 

02 

0-10 

MBEiMl 

HUM 

0.05 

2.2 
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Abstract 

The  goal  of  the  proposed  Neutron  Science  Project 
( NSP )  at  JAERI  is  to  provide  a  short  pulsed  proton  beam 
of  less  than  lps  with  an  average  beam  power  of  5MW.  To 
achieve  such  purpose,  a  proton  storage  ring  operated  at 
50Hz  with  4.17xl014  protons  per  pulse  at  1.5GeV  is 
required.  Two  kinds  of  a  lattice  are  examined  as  a  lattice  of 
the  proton  storage  ring  for  neutron  science  project.  One  is 
FODO  lattice  and  the  other  is  Triple  Bend  Achromatic 
(TBA)  lattice.  This  paper  describes  preliminary  results  of 
the  lattice  design  for  the  proton  storage  ring. 

1  INTRODUCTION 

Japan  Atomic  Energy  Research  Institute,  JAERI,  has 
been  proposing  the  Neutron  Science  Project  (NSP)  which  is 
composed  of  research  facilities  based  on  a  proton  linac  and  a 
proton  storage  ring  with  an  energy  of  1.5GeV[l],  In  the 
proton  storage  ring,  the  pulsed  beam  from  the  linac  is 
accumulated,  and  high  intensity  pulsed  beam  is  produced  for 
the  neutron  scattering  experiment.  The  goal  of  the  proton 
storage  ringis  toprovidea  short  pulsed  proton  beamofless 
than  1ms  with  an  average  beam  power  of  5MW  with  two 
rings.  The  study  of  the  proton  storage  ring  whose  beam 
power  is  2.5MW  has  been  performed  To  achieve  a  beam 
power  of  2.5MW  with  an  energy  of  1 .5GeV,  it  is  necessary 
to  accumulate  2.08xl014  protons.  When  the  beaminjection 
is  completed,  accumulated  protons  are  extracted  from  the 
ring  during  1  turn.  The  basic  parameters  of  the  proton 
storage  ring  are  shown  in  Table  1 . 

Lattice  design  for  high  intensity  proton  storage  ring  has 
been  performed  Two  kinds  of  a  lattice  are  examined  as  a 
lattice  of  the  proton  storage  ring  for  neutron  science  project. 
One  is  FODO  lattice  and  the  other  is  Triple  Bend 
Achromatic  (TBA)  lattice.  Each  lattice  has  zero  dispersion 
regions  and  long  straight  sections.  The  betatron  variation 
around  the  ring  of  the  FODO  lattice  is  smooth[2].  Such  a 
property  will  minimize  the  possible  envelope  oscillation 
for  beams  with  large  space  charge  tune  shift.  There  are  long 
straight  sections  in  the  TBA  lattice.  Such  a  property  will 
give  enough  space  for  injection,  rf  cavity,  and  extraction. 
The  consideration  of  beam  dynamics  ,  instabilities, 
injection  scheme,  and  extraction  scheme  for  each  lattice  is 
important  to  decide  which  is  better  lattice  for  the  proton 
storage  ring.  This  is  the  main  subject  for  our  study  of  the 


ring.  This  paper  describes  preliminary  results  of  the  lattice 
design  for  the  proton  storage  ring. 


Table  1  Basic  parameters  of  the  proton  storage  ring 


Beam  Average  Power 

2.5  MW /ring 

Kinetic  Energy 

1.5  GeV 

Average  Current 

1 .67  mA  /  ring 

Repetition  Frequency 

50  Hz 

Linac  Peak  Current 

30  mA 

Linac  Pulse  Length 

3.72  ms 

Number  of  Turns  Injected 

2777  turns/  ring 

Injected  Pulse  Length 

400  ns 

Injected  Beam  Gap 

270  ns 

Harmonic  Number 

1 

Revolution  Frequency 

1.49  MHz 

Circumference 

185.4  m 

Magnetic  Rigidity 

7.51  Tm 

Circulating  Current 

49.75  A  /  ring 

No.  of  Circulating  Protons 

2.08xl014  protons  /  ring 

Injection  Beam 

2jtmm.mrad 

Emittance 

(100%  unnormalized) 

Momentum  Spread 

+0.4% 

2  LATTICE 

Two  kinds  of  the  magnet  lattice  are  studied  for  the  proton 
storage  ring.  One  is  20  cell  FODO  lattice  and  the  other  is 
Triple  Bend  Achromatic  (TBA)  lattice.  A  large  transverse 
beam  emittance  is  required  in  the  ring  to  restrict  the 
transverse  space  charge  tune  shift.  The  chosen  values  for  an 
un-normalized  100%  transverse  emittance  of  an  injected  H' 
beam,  a  ring  acceptance  and  a  collimator  acceptance  are 
27tmm-mrad,  5307tmm-mrad,  and  200jtmm-mrad, 
respectively.  This  transverse  emittance  restricts  the  space 
charge  tune  shift  to  less  than  0.1.  The  parameters  of  the  20 
cell  FODO  lattice  and  the  TBA  lattice  are  shown  in  Table  2 . 

The  betatron  variation  around  the  ring  of  the  FODO 
lattice  is  smooth.  Such  a  property  will  minimize  the 
possible  envelope  oscillation  for  beams  with  large  space 
charge  tune  shift.  There  are  long  straight  sections  in  the 
TBA  lattice.  Such  a  property  will  give  enough  space  for 
injection,  rf  cavity,  and  extraction.  The  consideration  of 
beam  dynamics  for  each  lattice  is  important  to  decide  which 
is  better  lattice  for  the  proton  storage  ring.  This  is  the  main 
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subject  for  our  study  of  the  ring.  Parameters  of  the  FODO 
lattice  and  TB A  lattice  are  shown  in  Table2.  It  is  possible  to 
get  a  dynamic  aperture  of  4000jtmm.mrad  and  wide  tune 
variations  for  horizontal  tune  and  vertical  tune  for  each 
lattice.  For  the  tune  variations,  there  is  a  strong  dependence 
between  horizontal  tune  and  vertical  tune  for  TBA  lattice. 
Therefore  the  tunability  of  TBA  lattice  is  not  so  good, 
however  this  is  not  a  serious  problem  for  the  lattice. 


Table  2  Parameters  of  the  FODO  lattice  and  the  TBA  lattice 


FODO 

TBA 

Super  Periodicity 

4 

4 

Operating  Tune 

(4.84,  4.78) 

(3.75,  2.8) 

Chromaticity 

(-4.70,  -5.28) 

(-3.52,  -6.01) 

Transition  Energy 

4.51 

5.59 

Slippage  Factor 

-0.099 

-0.11 

Space  Charge  Tune  Shift 

<-0.1 

<-0.1 

Momentum  Spread 

±0.365% 

±0.34% 

Physical  Acceptance 

20071  mm.mrad 

20071 mm.mrad 

Dynamic  Acceptance 

4000tc 

4000JC 

mm.mrad 

mm.mrad 

Tune  Variation 

4.1<vx<5.9 

2.1<vx<3.9 

4.1<vy<5.9 

2.1<vy<3.9 

Magnets 

Bending 

1.0T 

1.0T 

QD 

-2.4  -  -4.1T/m 

-4.0  ~-7.3T/m 

QF 

2.5  -  3.3T/m 

6.0  ~  8.4T/m 

RF  Cavity 

Fundamental  Frequency 

1.49MHz. 

1.49MHz 

Harmonic  Number 

lst+2nd+3rd 

lst+2nd+3rd 

Voltage 

30+30+ 12kV 

30+30+ 12kV 

Extraction  Kicker  Magnet 

Reflection  Angle 

9mrad 

12mrad 

Magnetic  Field  Strength 

0.02T 

0.03T 

Total  Magnetic  Length 

3.4m 

3.0m 

3  BEAM  INJECTION  SCHEME 

There  is  amain  source  of  beam  loss  in  an  injection  area 
and  hence  the  most  critical  item  for  the  ring  because  the 
main  loss  is  due  to  H'  or  H+  beam  intersection  with  a 
stripper  foil  during  and  after  injection.  H‘  injection  method 
in  which  H'  beam  is  converted  to  H+  beam  with  the  stripping 
foil  located  in  the  injection  magnet  is  adopted  for  the  storage 
ring.  In  this  method  H°  atoms  emerging  from  the  stripper 
foil  are  in  a  distribution  of  excited  states  resulting  from  the 
stripping  reaction  H  ->H°*(n)  +  e‘  where  n  is  the  principal 
quantum  number.  The  lifetime  of  H°  atoms  depends  on  the 


Stark  state  in  the  magnet  [3].  The  lifetime  of  1.5GeV  H° 
atoms  was  calculated[2].  It  was  obvious  from  this 
calculation  data  that  the  H°  atoms  with  n<4  remain  as  H°  and 
may  be  removed  from  the  ring,  and  atoms  with  n>5  rapidly 
become  H+  and  are  accepted  in  the  ring  with  the  injection 
magnet  whose  strength  of  the  magnetic  field  is  0.1 5T.  The 
injection  scheme  which  should  be  adopted  to  reduce  the 
beam  loss  in  the  ring  has  been  studied. 

A  large  transverse  beam  emittance  is  required  not  only  to 
restrict  the  transverse  space  charge  tune  shift  but  also  to 
reduce  the  circulating  proton  beam  intersection  with  a 
stripping  foil.  To  obtain  the  large  transverse  emittance  the 
phase-space  painting  is  also  considered  [4].  Injection 
schemes  of  the  FODO  lattice  and  TBA  lattice  are  shown  in 
Fig.  1 .  For  the  TBA  lattice  a  set  of  4  pulsing  and  2  fixed  field 
dipole  and  a  set  of  4  pulsing  and  1  fixed  field  dipole  for 
FODO  lattice  will  be  used  to  create  an  orbit  bump  to  paint 
the  injection  proton  population  into  the  optimum  phase 
space.  The  optimum  distribution  will  be  determined  by 
computer  simulation.  The  H'  ions  which  missed  the 
stripping  foil  and  H°  atoms  emerging  from  the  foil  should 
be  disposed  in  proper  beam  dump.  A  thick  stripping  foil 
which  is  placed  in  the  path  of  the  H°  atoms  converts  entire 
beam  to  protons.  The  H'  ions  bent  by  the  downstream  low 
magnetic  field  bending  magnet  for  TBA  lattice  and  by  the 
downstream  quadrupole  for  FODO  lattice  will  travel  to  the 
high  magnetic  field  bending  magnet,  and  because  of  the  high 
magnetic  field,  they  will  be  stripped  to  H°  atoms  in  the  field. 
A  thick  stripping  foil  which  is  placed  upstream  the  bending 
magnet  strips  H°  atom  to  protons. 


TBA 


injection  beam  line 


HK1  HK2  HKA 


QM  QM 

HKB  HK3 


FODO 

Fig.l  Injection  scheme  of  the  TBA  and  the  FODO  lattice 


4  BEAM  EXTRACTION 

The  fast  extraction  method  is  used  from  the  request  of 
the  neutron  scattering  experiment.  In  this  extraction  method, 
when  injection  of  all  bunches  is  completed,  accumulated 
beam  is  extracted  from  the  ring  during  1  turn.  An  interval 
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between  bunches  is  270ns  from  the  injection  beam  pulse 
structure  which  is  chopped  to  670ns  bunch  width  with  60% 
duty  cycle.  It  is  necessary  that  the  magnetic  field  of  a  kicker 
magnet  is  enough  to  extract  the  beam  from  the  ring  to  less 
than  270ns  and  is  kept  with  the  strength  to  more  than  400ns. 
In  fact,  the  required  field  rise  time  of  kicker  magnet  is  less 
than  150ns  considering  the  increase  of  the  beam  bunch  due 
to  synchrotron  oscillation  and  divergence  by  the  space 
charge  effect  during  multi-tum  ring  injection.  When  the 
un-normalized  100%  emittance  and  beta  function  are 
2007tmm-mrad  and  15m,  respectively,  the  reflection  angle 
becomes  about  8.7  mrad.  A  kicker  magnet  of  0.02T  and 
3.4m  is  required  in  order  to  realize  this  extraction  process. 

TBA 


foiHaSQ  exlreetton 


Fig.2  Beam  extraction  orbits 
Figure  2  shows  the  extraction  beam  orbit  for  TBA 
lattice  and  FODO  lattice.  Because  there  is  a  long  straight 


section  with  zero  dispersion  in  TBA  lattice,  it  is  easy  to 
install  kicker  magnets  to  extract  the  proton  beam  from  the 
ring. 

5  SUMMARY 

Two  kinds  of  a  lattice  are  examined  as  a  lattice  of  the 
proton  storage  ring  for  neutron  science  project.  One  is 
FODO  lattice  and  the  other  is  Triple  Bend  Achromatic 
(TBA)  lattice.  In  order  to  decide  which  is  better  lattice  for  the 
proton  storage  ring,  we  considered  of  beam  dynamics  , 
injection  scheme,  and  extraction  scheme  for  each  lattice. 
From  these  considerations,  it  was  not  decided  better  lattice 
for  our  proton  storage  ring.  This  study  will  be  continued 
based  on  these  two  kinds  of  lattice. 
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THE  RF  SYSTEM  FOR  THE  3rd  HARMONIC  CAVITY  OF  ALS* 
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Advanced  Light  Source  Division 
Lawrence  Berkeley  National  Laboratory 
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Abstract 

A  higher  harmonic  cavity  system  is  under  construction  in 
the  ALS  to  extend  beam  lifetime.  The  implementation 
will  be  carried  out  in  stages.  The  plan  is  to  operate  the 
system  in  the  passive  mode  as  a  start  and,  depending  on 
various  factors,  the  plan  may  evolve  into  an  active 
system  eventually  to  attain  the  optimum  beam  lifetime  at 
all  beam  current  levels.  The  RF  system  must  be  designed 
accordingly  to  support  the  various  stages  of 
implementation.  This  report  will  describe  the  various  RF 
systems  along  the  path  leading  to  the  fully  implemented 
system. 

Introduction 

To  a  user  of  synchrotron  radiation,  the  beam  lifetime  is 
one  of  the  most  important  aspects  of  a  synchrotron  light 
source.  In  low  to  medium  energy  storage  ring  light 
sources,  the  lifetime  is  usually  dominated  by  large-angle 
intrabeam  (Touschek)  scattering  in  which  elastic 
collisions  of  electrons  within  the  bunch  have  a  finite 
probability  of  transferring  enough  longitudinal 
momentum  to  each  electron  such  that  they  no  longer  are 
within  the  momentum  acceptance  of  the  storage  ring  and 
are  lost.  This  process  is  particularly  important  for 
storage  rings  such  as  the  Advanced  Light  Source  (ALS) 
because  of  the  high  density  of  electrons  resulting  from 
the  small  transverse  beam  size.  One  proven  method  for 
increasing  the  lifetime  from  Touschek  effect  without 
compromising  the  transverse  beam  brightness  is  to 
reduce  the  peak  charge  density  of  an  electron  bunch. 
This  requirement  can  be  met  by  adding  a  second  voltage 
to  the  500MHz  main  RF  voltage  with  an  amplitude  and 
phase  such  that  the  slope  at  the  bunch  center  is  zero.  The 
energy  distribution  is  unaffected  but  the  bunch  lengthens 
and  the  peak  charge  density  decreases  and  the  lifetime 
improves.  This  voltage  must  be  a  higher  harmonic  of  the 
main  RF  voltage. 

We  have  chosen  to  add  five  third  harmonic  (1.5GHz) 
cavities  to  the  storage  ring  to  achieve  the  goal. 
Furthermore  we  are  going  to  start  with  a  passive  system 
using  the  beam  to  induce  the  required  voltage  in  the 
cavities.  This  mode  of  operation  will  enhance  the  beam 
lifetime  at  higher  beam  current.  A  complete  discussion 
on  this  subject  are  given  in  reference  1  and  2. 


Cavity 

The  ALS  third  harmonic  cavity  is  a  single  cell  re¬ 
entrant  type  resonator  much  like  the  two  main 
500MHz  cavities.  The  cavity  shape  and  size  were 
modeled  with  Urmel  and  Mafia  extensively  before 
cutting  metal.  Figure  1  shows  a  picture  of  the  final 
shape  of  the  cavity  design. 

Arc  Monitor 


Fig.  1  The  ALS  Third  Harmonic  Cavity 

There  are  a  total  of  six  ports  on  the  cavity  body,  two 
beam  ports,  two  tuner  ports,  one  coupling  port  and 
one  other  port  for  signal  probe.  The  shunt  impedence 
of  the  cavity  with  all  the  ports  is  about  1 ,5Mohm  and 
the  loaded  Q  is  about  12000.  Detail  design,  modeling 
and  construction  technique  are  given  in  separate 
reports3,4. 
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Fig.  2  ALS  Third  Harmonic  Passive  RF  System  Block  Diagram 


The  Passive  RF  System 

Figure  2  shows  the  block  diagram  of  the  passive  RF 
system.  Since  we  are  not  using  the  coupling  port  in  this 
phase  of  operation,  an  arc  detector  will  be  mounted  on 
this  port  to  monitor  cavity  arcing.  This  detector  will  shut 
off  the  main  RF  system  and  hence  the  beam  when  an  arc 
is  detected.  The  main  tuner  can  be  controlled  either 
manually  or  with  the  amplitude  loop.  Each  cavity 
has  its  own  amplitude  loop  that  can  be  tuned  off 
resonance  individually  and  parked  at  some  frequency 
that  would  not  affect  the  main  RF  signal.  A  second  tuner 
is  installed  in  a  side  port.  This  tuner  is  manually 
settable  via  remote  control  and  could  possibly  be  used 
for  tuning  HOMs  to  safe  frequencies.  With  the  passive 
system,  the  power  of  the  cavities  comes  from  the  main 
500MHz  RF  system  via  the  beam.  Each  cavity  will 
require  5kW  of  power,  therefore,  25kW  of  additional 
power  will  be  taken  from  the  main  RF  system.  The  total 
maximum  voltage  produced  by  these  five  cavities  is 
500kV,  one  third  of  that  of  the  main  RF  voltage  at  the 
optimum  level. 

The  operation  of  this  phase  one  system  can  be 
summarized  as  the  following: 


At  maximum  beam  current  level,  the  cavities  will  be 
tuned  right  at  resonance  and  then  de-tuned  to  a  higher 
frequency  to  set  the  voltage  operating  point  at  a  level 
lower  than  the  resonant  peak.  As  the  beam  current 
decays,  the  tuner  will  tune  the  cavity  back  towards 
resonance  to  keep  the  voltage  amplitude  constant.  It 
is  obvious  that  this  tuning  scheme  would  only  work 
through  a  limited  beam  current  range,  and  also  this 
amplitude  can  only  be  set  to  one  optimum  operating 
point1. 

The  phase-two  version  of  the  passive  system  or  an 
active  system,  as  the  case  may  be,  will  include  a 
tunable  wave  guide  coupler  (not  shown)  that  will  be 
mounted  on  top  of  the  input  port  of  the  cavity  where 
an  arc  detector  is  located  at  this  time.  The  adjustable 
coupler  could  be  used  to  set  the  coupling  factor  to  a 
to  an  optimum  value  according  to  the  beam  current  or 
a  predefined  value  in  a  feed  forward  scheme.  This 
will  maintain  an  optimum  voltage  in  the  cavity  for 
maximum  beam  lifetime  operation  across  most  of  the 
spectrum  of  the  beam  current.  The  detail  of  such 
scheme  and  specifics  of  future  RF  system  will  be 
formulated  as  we  gain  more  experience  in  the 
performance  of  this  phase  one  passive  system. 
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The  Amplitude  Loop  Control  Module 

There  are  two  separate  loops  in  this  module  as  mentioned 
in  the  last  paragraph.  See  fig.  2.  In  this  phase  one  system, 
one  loop  is  used  by  the  tuner  to  hold  the  cavity  voltage 
amplitude  constant  at  a  predetermined  value,  the  other 
loop  is  used  to  set  the  second  tuner  position  in  the  ‘loop 
open’  mode.  This  second  loop  was  intended  for  a  tunable 
matching  coupler  for  the  phase  two  passive  system  or  an 
active  system.  In  this  phase  one  operation  this  is  used  for 
controlling  a  second  tuner.  When  operating  in  the  closed 
loop  mode  the  main  tuner  is  actively  engaged  to  hold  the 
cavity  voltage  amplitude  constant.  Caution  must  be 
exercised  to  make  sure  that  the  loop  is  active  only  in  a 
well  defined  range  of  beam  current.  Outside  of  this  range 
the  loop  must  be  deactivated  and  the  tuner  plunger  will 
hold  its  position  until  such  time  the  beam  current  would 
fall  back  to  within  the  operational  range  of  the  system 
again.  This  window  is  extremely  important  to  prevent 
run  away  tuners  causing  de-tuning  of  all  the  cavities.  The 
amplitude  loop  control  module  has  been  designed  to 
have  maximum  flexibility  to  accommodate  various 
operational  requirements.  The  same  module  can  be  used 
to  control  klystron  output  power  should  an  active  system 
be  implemented  in  the  future. 

The  Active  RF  System 

In  the  active  RF  system  only  4  cavities  will  be  needed  to 
generate  the  500kV  of  voltage  required.  We  intend  to 
power  each  cavity  with  a  separate  klystron.  Each 
klystron  will  be  capable  of  providing  at  least  5kW  of  RF 
power.  In  the  active  system  there  will  also  be  a  phase 
loop  that  keeps  the  RF  phase  constant  by  using  the  cavity 
main  tuner.  The  amplitude  loop,  in  this  case,  will  be 
using  either  the  klystron’s  modulation  anode  or  the 
klystron’s  drive  power  as  the  amplitude  control  element. 
At  the  input  coupling  port  of  each  cavity  there  will  be  an 
adjustable  coupler  to  set  the  coupling  factor  to  the 
desirable  value.  The  setting  of  this  coupling  factor  may 
be  done  according  to  the  beam  current  or  some  other 
parameters.  The  fiber  optic  of  the  arc  detector  will  be 
moved  to  either  the  second  tuner  port  or  could  be 
installed  side  by  side  with  the  cavity  signal  pick  up 
probe.  The  active  system  will  require  RF  windows.  We 
will  mostly  likely  locate  the  windows  away  from  the 
cavity  input  port  to  reduce  undesirable  effects  of  RF 
heating  and  breakdown  due  to  high  cavity  electric  field. 
The  signal  source  in  the  active  RF  system  will  be  derived 
from  the  main  storage  ring  cavity  probe  signals  to  keep 
the  third  harmonic  RF  voltage  phase  locked  to  that  of  the 
main  cavities. 

Conclusions 

All  sections  of  this  project  are  progressing  well.  We 
expect  to  commission  the  phase-one  passive  system  in 
June  1999.  Results  from  operation  will  determine  which 


direction  the  next  step  would  be.  Most  components  in 
this  phase-one  passive  system  have  been  designed 
with  the  possibility  of  upgrading  to  either  the  phase- 
two  passive  system  or  an  active  system. 
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CHARGED  PARTICLE  STORAGE  DEVICE 

Frank  Krienen,  Boston  University 


Abstract 

This  paper  deals  with  the  motion  of  charged  particles  in  a 
magnetic  bottle. 

The  realization  entails  an  assembly  of  current  loops, 
which  in  the  present  treatment  is  simplified  to  three 
components:  a  solenoid  and  two  dipoles.  For  a  given 
configuration  of  the  magnetic  field  and  the  initial  position 
and  momentum  of  the  particles,  it  has  been  found  that  the 
particles  can  be  stored  in  a  racetrack-like  fashion,  looping 
around  at  near  constant  radius,  somewhat  toe-ing  in  upon 
reflection  from  the  repeller  at  the  end  of  the  bottle. 

1  EQUATION  OF  MOTION 

The  disposition  of  the  magnetic  components  is  shown  in 
Figure  1.  We  identify  4  parameters  which  determine  the 
magnetic  field,  namely  the  distance  a  of  the  dipoles  to  the 
median  plane,  the  field  B  of  the  solenoid  and  the  moments 
of  the  upper  dipole  b’  and  the  lower  dipole  b”. 
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Figure  1 :  Magnetic  Components 

A  relativistic  Hamiltonian  which  is  0-independent 
contains  only  one  tangential  component  A  of  the  magnetic 


potential. 

H=[Pr2*c2+  { P/r-e*  A }  2*c2+Pz2*c2+m2*c4] 1/2  (1) 

The  contribution  to  A  of  a  dipole  in  the  origin  will  be 
A**  =(p/(4*Jt))*mxV  ( l/r)spher)cal  (2) 

where  m  is  located  on  the  z-axis.  We  obtain  in  cylindrical 
co-ordinates: 

AiipoieKPlml/(4*n))Mr2+z2)3'2  =b*r/(r2+z2)3'2  (3) 

b=|i*|m|/(4*Jt)  (4) 

The  contribution  to  A  of  a  solenoid  is  A^pB^/2  (5) 

The  contribution  to  A  of  the  system  shown  in  Fig.  1 : 
A=B*r/2+b’  *r/[r2+(z-a)2]3,2+b”*r/[r2+(z+a)2]3/2  (6) 

B=-8A/8z=3*b’*r*(z-a)/[r2+(z-a)2]s/2+ 
+3*b”*r*(z+a)/[r2+(z+a)2]”  (7) 

8A/8r=B/2+b’  *[(z-a)2-2*r2]/[r2+(z  -a)2]5/2 
+b”*[(z+a)2-2*r2]/[r2+(z+a)2]5'2  (8) 

B=A/r+8A/8r=B+b’*[2*(z-a)2-r2]/[r2+(z-a)2]5'2 
+b”*[2*(z+a)2-r2]/[r2+(z+a)2]5'2  (9) 


dr/dt=8H/8P=P*c2/H  (10) 

d6/dt=8dH/8Pe=  { P/r-e*  A }  *c2*r''/H  (11) 

dz/dt=8H/8z=Pz*c2/H  (12) 

dP/dt=8H/8r=  { Pe/r-*A }  *  { Pe/r+e*r*(8A/8r) }  W/H 

(13) 

dPe/dt=-8H/80=O  (14) 

dPz/dt=-8H/8z={  Pe/r-e*A }  *  { e*r*(8A/8z) }  *c2*r'/H  ( 1 5) 

substituting  (1 1)  in  (13)  and  (15): 

dP/dt=(d0/dt)*  { Pe/r+e*r*(8A/8r) }  (13a) 

dP/dt=(de/dt)*  { e*r*(8A/8z) )  (15a) 


2  MEDIAN  PLANE 

2.1  Parallel  Dipoles  (b’=b”) 

In  the  median  plane,  z=0,  B=0,  so  that  the  symmetry  is: 
Br(r,z)=-Br(r,-z)  and  Bz(r,z)=Bz(r,-z)  (16) 

We  will  track  charged  particles  which  start  off  the  median 
plane,  perpendicular  to  it  and  at  a  given  momentum  and 
look  for  conditions  so  that  the  particle  is  reflected  and 
crosses  the  median  plane  again  perpendicular  to  it.  In  this 
case  the  crossing  occurs  at  the  same  initial  radius  and 
momentum  but  not  necessarily  at  the  same  0.  This  particle 
continues  to  be  reflected  and  upon  every  reflection  there 
will  be  a  constant  phase  advance  A0,  so  that  the  particle 
seems  to  meander  in  space. 

If  the  phase  advance  per  half  cycle  can  be  written  like 
A0=k*7t/n,  k  and  n  integer  and  k/n  irreducible,  the  particle 
track  closes  upon  itself,  provided  k=odd,  after  2*n  half¬ 
cycles.  If  k=even,  the  track  collides  upon  itself  after  n 
half-cycles.  Thus  for  a  given  configuration  (a,b’,b”,B),  we 
may  be  able  to  establish  the  relation  (r,A0,pt),  where  p,  is 
the  total  momentum. 

The  method  of  calculating  the  system  of  first  order 
differential  equations,  eq.(10)  through  (15)  is  that  of 
Runge-Kutta,  or  its  variants.  We  resort  to  this  method 
because  it  is  highly  unlikely  that  an  analytical  solution  can 
be  found  for  the  above  magnetic  field  profile  -and-  if 
found,  highly  unlikely  that  such  field  can  be  realized.  In 
fact,  we  look  for  an  existence  proof  by  trial  and  error,  and 
consider  a  successful  outcome  for  p,  a  resonance. 

2.2  Anti-parallel  dipoles  (b’=-b”) 

For  B=0:  Br(r,z)=Br(r,-z)  and  Bz(r,z)=-Bz(r,-z)  (17) 

Applying  the  method  of  3.1,  a  resonance  shows  that  the 
phase  advance  of  the  second  half  cycle  changes  sign,  so 
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that  the  particle  follows  a  closed  loop,  having  the  shape  of 
a  race  track  in  elongated  structures,  (r«a). 

3  SCALING  ALGORITHMS 

The  solution  of  a  system  of  first  order  differential 
equations,  resulting  from  the  expression  for  H,  eq.(l),  via 
the  Runge-Kutta  method  is  quite  laborious.  The  following 
scaling  algorithms  may  alleviate  the  work. 

3.1  Mass-less  Particles  In  the  absence  of  an  electric 
potential,  the  momentum  of  the  particle  determines  its 
path:  the  mass  is  irrelevant.  Thus  one  might  as  well 
calculate  trajectories  of  mass-less  particles  having  an 
electronic  charge.  Such  fictitious  particles  travel  with  the 
speed  of  light,  facilitating  comparison. 

3.2.Momentum  Particles  with  different  momentum 
would  have  identical  trajectories  if  one  scales  b’,b”  and  B, 
but  not  a,  proportionally  to  the  momentum  ratio. 

3.3  Linear  scaling  X  of  the  device  would  scale  a  given 
trajectory  to  the  extent  that  at  each  corresponding  point 
the  radius  of  curvature  is  increased  by  a  factor  X.  The 
solenoid  does  not  scale,  A,0.  The  dipole  field  scales  as  A.'3, 
hence  we  need  to  scale  b’  and  b”  by  A.3  to  assure  the  same 
magnetic  field  in  corresponding  points.  It  follows  that  one 
must  scale  the  momentum  by  a  factor  A,1  to  agree  with  the 
larger  radius  of  curvature. 

3.4  Multiple  charged  particles  would  follow  the  same 
trajectory  if  b’,b”  and  B  are  reduced  in  the  same  ratio. 

3.5  Phase  Advance.  All  of  the  above  does  not  affect 
the  phase  advance  nor  any  spatial  angle  in  comparable 
points  of  either  trajectory. 

3.6  Scenario  Clearly,  the  above  mentioned  scenarios 
may  be  applied  one  after  the  other,  ad  infinitum. 

4  SOME  CONSIDERATIONS 

A  solenoidal  magnetic  field  may  modulate  the  phase 
advance  considerably,  but,  since  the  effect  is 
predominantly  in  the  region  where  the  particle  approaches 
its  apogee,  an  assembly  of  circular  current  loops  will  have 
the  same  outcome.  In  fact,  a  concentration  of  current 
loops  ,  situated  near  z=±a  may  simulate  the  above 
mentioned  dipoles,  but,  computationally,  the  magnetic 
potential  equation  (6)  is  easier  to  use. 

The  apogee  of  a  trajectory  is  characterized  by  Pz=0,  but  a 
resonance  requires  in  addition  P=0. 

With  respect  to  this  turning  point,  the  co-ordinates  r  and  z 
are  symmetric  and  the  co-ordinates  Pr,  Pz  and  0  are  anti¬ 
symmetric,  as  will  be  shown  in  subsequent  Figures. 

For  a  given  set  of  parameters  (a,b’,b”,B),  resonances  turn 
out  to  be  multi-valued.  The  simplest  pattern  seems  to  be 
related  to  the  highest  momentum  and  highest  penetration 
into  the  mirror  and  may  be  most  useful. 


The  total  momentum  vs.  the  radius  follows  more  or  less 
an  inverse  square  power  of  r;  corrections  thereto  seem  to 
agree  with:  pKal  <*  (r'2+a'2),  (r<a)  (18) 

For  each  iteration  ,  the  co-ordinates  are  fed  back  into  (1), 
resulting  in  a  chart  dH/H  vs.  time.  The  area  above  and 
below  the  abscissa  seems  to  cancel  out  fairly  well  upon 
crossing  the  median  plane.  Fig.2c  shows  an  example. 

A  Variable  Iteration  Step  is  applied,  based  on  the  radius 
of  curvature  R  and  the  slope  a  of  each  of  the  co-ordinates: 
See  Fig. 2b. The  Iteration  Step  °c  l/£(l/(R*cosa))  (19) 

A  race  track  may  have  adjacent  branches  moving  in 
opposite  direction.  This  would  suggest  to  fill  the  bottle 
with  one  or  more  monochromatic  particle  beams  until  all 
branches  are  filled.  If  the  moving  charges  remain  trapped 
for  measurable  and  useful  time  spans,  a  sudden  electro  - 
magnetic  disturbance  could  merge  adjacent  branches, 
opening  a  new  way  to  measure  cross  sections  or  reaction 
rates,  either  nuclear  or  chemical. 

In  this  respect  collisions  occur  with  equal  and  opposing 
momentum  in  the  laboratory  frame,  independent  of  the 
mass  of  the  participating  species. 

The  self-magnetic  field  of  multi-prong  beams  evenly 
distributed  in  a  circular  shell  tend  to  be  less  than 
distributions  concentrated  in  only  a  few  branches. 

A  small  value  of  B  of  the  solenoid  does  modulate  the 
kinematics  at  the  apogee  appreciable,  but  the  main 
function  of  B  is  to  reduce  the  spatial  divergence  of  the 
multi-prong  particle  beams. 

5  NUMERICAL  RESULTS 

The  parameters  for  a  trajectory  may  be  written  in  two 
arrays:  i)  the  system  parameters  (a,b’,b”,B,e,m,c,H) 
and  ii)  the  initial  values  (t,r,0,z,Pr,P~Pz)inilial 
We  note  that  P~=(P„/r-e*A)=  the  tangential  momentum  . 

In  view  of  the  scaling  algorithms,  it  is  sufficient  to  treat 
only  cases  where  m=0  and  e  is  a  single  electronic  charge. 
Table  1 .  Shows  the  dimension  of  the  system  parameters: 

Table  1 :  System  Parameters 


Distance  from  Dipoles  to  Median  Plane  (m)  a 

Upper  Dipole  Strength  (Tesla*meter3)  b’ 

Lower  Dipole  Strength  (Tesla*meter3)  b” 

Solenoid  Strength  (Tesla)  B 

Light  Velocity  (m/s)  c 

Total  Energy  (eV)  H 


The  calculation  is  best  done  with  dimensionless  values. 
In  this  respect,  the  initial  array  transforms  as 
(t,r,0,z,Pr,P~  Pz)iniUal=(T,u,v,w,U,V~,W)inj[lal 
The  relation  between  corresponding  values  is  shown  in 
Table  2. 
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Table  2:  Conversion  Ratio 
T=t*c/a  u=r/a  v=0/(2*7t)  w=z/a 

U=c*P„/H  V~=c*P~/H  W=c*P/H  V=c*Pe/(a*H) 


0.00015 
0.0001 
0.00005 

0 

0.7  0.9  1.1  1.3 


Figure  2  is  a  2-Prong  Race  Track,  (b  =-b ),  u(0)=0.02 
Figure  2a:  Co-ordinates  vs.  Time. 

Figure  2b:  Shows  (dT)  vs.  Time. 

Fig.2c:  Shows  (dH/H)  vs.  T,  and  ytdH/H)dT  vs.T 
(a,b,b  ,BH)=(5,5E-6,-b  .0.4372Q. 

This  case  is  scaleable  for  electron  cooling  of,  say,  9  GeV/c 
antiprotons  that  may  have  a  cooling  length  of  2*a=30  m 
andHelecro=4.92MeV 


Time 


Figure  3  is  a  Closed  4-Prong  Loop  u(0)=0.0355 
Fig.3a  shows  (u.v.w.U.V^W)  vs.  T.  Fig.3b  shows  (u,w)  vs.  v, 
(a,b,b  ,BH)=(0.2,5E-6,b,0, 98000). 


Figure  4  is  a  Multi-Valued  Resonance. 

Fig.4a  shows  (u,v,w)  vs.  T  and  Fig.4b  shows  (u,w)  vs.  v 
u(0)  =  0.5.  (a,b.b  ,BH)  =  (0.2,5.2E-5,b,lE-3,254558) 

6  DISCUSSION 

No  attempt  has  been  made  in  this  paper  to  devise  means  to 
focus  stored  particle  beams.  The  author  conjectures  that 
for  short  enough  time  spans,  some  sort  of  confinement  is 
possible.  For  instance  the  study  of  cross  sections  and 
reaction  rates  of  nuclear  or  chemical  species  are  head-on, 
of  equal  momentum  in  the  laboratory  frame,  do  not  need 
real  time  and  feature  independence  of  the  mass  of  either 
species. 

But  in  cases  of  production,  such  as  fuel  or  chemistry  or 
electron  cooling,  focusing  the  beams  is  of  importance.  The 
possibility  of  organizing  the  storage  in  circular  shells 
and/or  in  several  concentric  shells,  where  adjacent  beams 
move  in  opposition,  may  alleviate  the  issue  of  magnetic 
pressure  or  the  issue  of  efficiency  or  both. 

The  injection  of  charged  particle  beams  seems  quite 
feasible:  the  beams  will  be  bunched  in  any  case  and  the 
switching  on  or  off  is  current  practice. 

Charge  neutrality  is  again  a  big  issue:  the  pulsed  nature 
of  the  device  may  help  to  cope  with  this  feature. 
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NEW  DESIGN  AND  DEVELOPMENT  OF  13  MeV  PET  CYCLOTRON  IN 

KOREA* 

J.S.Chait.  J.H.  Ha,  H.  Y.  Lee,  Y.  S.  Kim,  KCCH,  Korea 
S.  Oh,  M.  Yoon,  Dept,  of  Physics,  POSTECH,  Korea 


Abstract 

Since  1997  design  studies  have  been  in  progress  in  a  joint 
collaboration  between  the  Korea  Cancer  Center  Hospital 
(KCCH)  and  the  Pohang  University  of  Science  and  Tech¬ 
nology  (POSTECH)  for  a  13  MeV  PET  (Positron  Emission 
Tomography)  cyclotron.  It  will  accelerate  H“  (negatively 
charged  hydrogen)  ions,  which,  after  acceleration,  will  be 
stripped  of  its  electrons  by  a  stripping  foil  and  then,  on  en¬ 
tering  the  target  chamber,  interact  with  the  target  material 
to  produce  positron  emitters  such  as  18F,  150, 13N  and  UC. 
In  this  paper  we  describe  the  main  features  of  the  cyclotron. 

1  INTRODUCTION 

The  era  of  nuclear  medicine  started  in  Korea  in  the  1960s 
when  the  research  reactor  TRIGA  Mark-2  (which  was  in¬ 
stalled  at  the  site  of  the  former  Korea  Atomic  Energy  Re¬ 
search  Institute  in  Seoul)  began  to  supply  radio-isotopes 
to  KCCH.  By  the  early  1980s  however,  it  was  recognized 
that  the  species  of  radio-isotopes  that  were  available  from 
the  nuclear  reactor  were  rather  restricted  and  therefore  it 
was  felt  that  an  isotope  production  cyclotron  was  needed. 
In  1986  the  KCCH’s  50  MeV  cyclotron,  which  was  built 
and  supplied  by  Scanditronix,  started  operation  to  produce 
radio-isotopes  on  site.  In  the  mid-1990s,  the  benefits  of  the 
PET  began  to  be  recognized  by  some  of  the  major  hospitals 
in  Korea  and,  by  1996,  two  hospitals  in  Seoul,  Korea  had 
installed  in-house  PET  cyclotrons.  At  KCCH,  increasing 
desire  for  an  uninterrupted,  reliable  and  timely  supply  of 
the  radio-isotopes  to  customers  and  patients  has  prompted 
obtaining  a  dedicated  5-13  MeV  cyclotron  for  PET  applica¬ 
tions  (this  energy  range  contains  one  of  the  optimum  yield 
peak  for  18F  production)  and,  at  the  same  time,  pursuing 
the  purchase  of  another  30  MeV  medical  cyclotron  for  iso¬ 
tope  production  in  the  very  near  future.  A  decision  has 
been  made  to  obtain  an  in-house  built  PET  cyclotron  this 
time.  This  will  not  only  ease  the  problems  associated  with 
maintenance  during  operation  but  will  also  keep  the  door 
open  for  continuous  upgrading  of  the  machine  in  the  fu¬ 
ture.  The  project  is  supported  by  the  Ministry  of  Science 
and  Technology  of  the  government,  as  a  part  of  the  2nd 
phase  of  the  mid-  and  long-term  nuclear  energy  research 
plan.  The  cyclotron  design  study  project  was  approved  in 
1997,  but  a  formal  approval  for  construction  is  expected 
to  be  given  in  April  1999.  The  cyclotron  consists  of  a  cy¬ 
clotron  magnet,  rf  dees  and  resonators,  the  vacuum  cham¬ 
ber,  an  ion  source,  power  supplies,  an  H-beam  stripping 

*  This  woik  is  supported  by  Ministry  of  Science  and  Technology  of 
Korean  government 

t  Email:  jschai@kcchsun.kcch.re.kr 


foil  and  its  holders,  internal  targets  and  chambers,  and  con¬ 
trol  systems.  In  the  following  sections,  the  design  features 
of  the  cyclotron  magnet,  dees  and  resonators  and  the  ion 
source  will  be  described. 


Table  I :  Main  parameters  of  the  13  MeV  PET  cyclotron 


Parameter 

Unit 

Value 

Maximum  energy 

MeV 

13 

Beam  species 

Negative 

Number  of  sectors 

hydrogen 

4 

Ion  source 

Internal 

Hill  angle 

degrees 

negative  PIG 
46.0 

Valley  angle 

degrees 

44.0 

Maximum  average 
magnetic  field 

T 

1.2 

Harmonic  number 

4 

Radio-frequency 

MHz 

72 

Maximum  average  radius 
of  a  beam 

cm 

43 

Maximum  orbit  distance 
from  the  cyclotron  center 

cm 

45 

Maximum  magnetic  field 
at  the  hill  center 

T 

1.85 

Maximum  magnetic  field 
at  the  valley  center 

T 

0.48 

Beam  current 

/iA 

~20 

2  CYCLOTRON  MAGNET  AND 
CYCLOTRON  DESIGN  PARAMETERS 

The  cyclotron  magnet  consists  of  poles,  pole-tips,  return 
yokes,  top  and  bottom  return  plates  and  excitation  coils. 
The  magnet  has  a  four-sector  radial  ridge  geometry  with 
a  rather  large  valley-gap  to  hill-gap  ratio.  This  choice,  to¬ 
gether  with  the  choice  of  the  fourth  harmonic  mode  of  oper¬ 
ation  for  particle  acceleration,  will  provide  relatively  strong 
axial  focusing  while  at  the  same  time  leaving  ample  space 
for  placing  dees.  Table  I  shows  the  main  design  parame¬ 
ters  for  this  13  MeV  PET  cyclotron.  The  hill  is  constructed 
from  eight  pieces  of  wedge-shaped  high  quality,  low  car¬ 
bon  content  (0.003  %)  steel  plates  with  a  wedge  angle  of 
46  degrees.  The  angular  width  measured  from  the  center  of 
the  cyclotron  will,  however,  be  a  varying  angle  from  close 
to  zero  near  the  center  of  the  cyclotron  to  close  to  46  de¬ 
grees  near  the  outer  edge  of  the  cyclotron.  The  side  edges 
of  these  plates  are  stepped  to  provide  bolt  holes  to  attach 
the  plates  to  the  poles.  The  inner  surface  of  these  plates  are 
also  stepped  progressively  with  radius  to  provide  an  appro- 
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priate  isochronism  throughout  the  radius.  The  step  heights 
needed  are  calculated  using  TOSCA  [1],  a  commercially 
available  three  dimensional  magnetic  field  program.  The 
accuracy  of  the  magnetic  field  predicted  by  the  program  is 
expected  to  be  in  the  range  of  2%.  Fig.  1  is  a  schematic  dia¬ 
gram  of  the  cross  sectional  view  seen  from  a  side.  A  16  cm 
diameter  hole  in  each  valley  is  provided  to  serve  for  pump¬ 
ing  and  rf  power  connection  to  the  dees.  A  more  detailed 
description  for  the  magnetic  field  is  presented  separately  in 
these  conference  proceedings  and  elsewhere  [2,  3], 


Figure  1 :  Cross-sectional  side  view  of  the  cyclotron. 

3  DEES  AND  RESONATORS 

The  dees  we  aim  to  design  are  supposed  to  provide  an  en¬ 
ergy  gain  of  1 60  keV  per  H~  ion  revolution  in  the  magnetic 
field  of  the  cyclotron.  We  decided  to  accelerate  the  ions  in 
the  fourth  harmonic  mode  of  particle  revolution  frequency, 
corresponding  to  72  MHz.  Accordingly  a  pair  of  dees  with 
azimuthal  width  of  43.6°,  radial  length  of  48  cm,  vertical 
height  of  3  cm  with  a  vertical  gap  of  1 .25  cm  between  the 
dee  and  the  liner,  was  design  studied.  The  power  will  be  fed 
to  the  dee-resonator  system  by  an  inductive  coupling.  For 
the  design  studies  we  used  SOPRANO,  a  commercial  soft¬ 
ware  supplied  by  the  Vector  Field  Company.  With  the  use 
of  this  software  the  rf  electric  field  in  the  region  between 
the  dee  electrode  and  the  ground  shield  liners  are  investi¬ 
gated.  The  result  showed  that,  to  obtain  40  kV  peak-to- 
ground  rf  voltage  we  need  10  kW  in  rf  power.  The  appro¬ 
priate  dimensions  of  the  rf  dee  and  cavity  can  be  obtained 
from  the  effective  j  wave  method  with  zero-impedance  at 
72  MHz  and  it  turns  out  to  be  124  cm.  In  the  design  of  the 
above  resonator,  due  consideration  was  given  for  the  dee- 
dee  liner  distance  and  the  co-axial  cavity  length.  The  zero 
crossing  result  is  shown  in  Fig.  2. 

The  adequacy  of  the  chosen  dimensions  for  the  dee- 
resonator  system  was  comfirmed  from  the  voltage-current 
relation  as  a  function  of  cavity  length.  As  shown  in  Fig.  3., 
the  cavity  resonates  at  72  MHz  and  maintains  almost  con¬ 
stant  voltage  distribution  over  the  entire  dee  length.  A  test 
bench  cavity  was  constructed  for  further  study  in  the  very 


Length  (cm) 

Figure  2:  Calculated  impedance  as  a  function  of  cavity 
length. 

near  future. 


Length  (cm) 


Figure  3:  Current  and  voltage  distribution  as  a  function  of 
cavity  length. 


4  INTERNAL  PIG  SOURCE 

An  internal  PIG  source  is  located  near  the  center  of  the  cy¬ 
clotron  magnetic  field  and  produces  H~  ions.  The  H“  PIG 
source  is  known  to  release  a  large  amount  of  hydrogen  gas 
(both  atomic  and  molecular)  out  into  the  cyclotron  central 
region.  To  minimize  the  gas  stripping  losses  of  the  acceler¬ 
ated  H_  ions,  we  plan  to  install  two  diffusion  pumps  with 
20  cm  diameter.  A  pair  of  16  cm  vertical  holes  are  provided 
in  each  valley  of  the  cyclotron  magnet.  Fig.  4  shows  the 
schematic  diagram  of  the  PIG  ion  source. 

The  cathode  is  envisaged  to  be  made  of  LaB6  with  tanta¬ 
lum  coating.  A  prototype  PIG  source  was  constructed  and 
is  now  placed  in  a  circular  magnet  with  a  field  strength  of 
0.4  Tesla.  The  source  is  being  tested  and  studied  for  fur¬ 
ther  improvements.  Computer  studies  of  the  beam  dynam¬ 
ics  from  the  ion  source  through  several  turns  will  be  carried 
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out.  At  the  same  time,  we  are  constructing  a  model  of  the 
13  MeV  cyclotron  central  region  to  carry  out  experimen¬ 
tal  beam  dynamics  studies  for  up  to  1  MeV  acceleration. 
The  model  cyclotron  has  a  uniform  magnetic  field  of  1.2 
Tesla,  a  figure  which  is  identical  to  the  field  strength  at  the 
center  of  the  13  MeV  cyclotron.  A  pair  of  dee-tips  will  be 
installed  inside  and  40  kV  of  rf  at  72  MHz  will  be  fed  to 
it.  The  purpose  is  to  investigate  the  optimum  central  region 
geometry  experimentally  as  well  as  theoretically. 


Figure  4:  Schematic  drawing  of  the  PIG  ion  source 

5  CONCLUSION 

Design  studies  for  a  13  MeV  PET  cyclotron  are  underway 

in  KCCH  and  POSTECH.  It  is  aimed  at  operation  in  2002. 
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Abstract 

Injection  scenarios  are  investigated  for  the  Spallation 
Neutron  Source  (SNS)  accumulator  ring  using  a  new 
computer  model  that  includes  transverse  space  charge 
effects.  Transverse  halo  growth  is  compared  for  a 
variety  of  painting  schemes,  lattice  tunes,  and  lattice 
types.  Of  these,  the  lattice  tune  has  the  strongest  impact 
on  the  halo  growth. 

1  INTRODUCTION 

The  SNS  accumulator  ring  will  have  a  high  intensity  (~ 
1014)  low  energy  (1  GeV)  beam  and  required 
uncontrolled  particle  loss  rates  of  ~  one  part  in  104.  For 
these  beam  parameters,  space  charge  effects  could  drive 
beam  halo  growth,  which  would  lead  to  violation  of  the 
stringent  loss  criterion.  In  this  paper  we  investigate  the 
transverse  halo  growth  due  to  space  charge  using  a 
newly  developed  simulation  tool,  ORBIT  [1],  We 
examine  a  variety  of  injection  schemes,  the  effect  of  the 
lattice  tune,  and  also  the  impact  of  using  a  FODO  or 
doublet  lattice.  Painting  schemes  are  examined  for  (1) 
directly  correlated  horizontal  (X)  -  vertical  (Y)  closed 
orbit  bumps,  (2)  anti-correlated  horizontal  -  vertical 
bumps,  and  (3)  horizontal  closed  orbit  bump  (fixed 
vertical  smoke  ring).  Next  we  examine  a  wide  range  of 
lattice  tunes  for  a  fixed  injection  scheme.  The  tune  is 
found  to  have  a  strong  impact  on  halo  growth.  Finally 
we  compare  halo  growth  in  FODO  and  doublet  lattices 
with  the  same  tunes  and  the  same  injection  scenario. 
Neither  lattice  type  is  consistently  superior  regarding 
halo  production. 

The  space  charge  model  in  ORBIT  uses  a  PIC 
calculation  with  an  FFT  method  to  calculate  the  force 
[2].  For  cases  shown  here  we  use  480  transverse  space- 
charge  kicks/turn  (or  about  60  per  betatron  oscillation), 
50,000  macro-particles,  and  a  64x64  PIC  grid.  We  inject 
particles  with  emittance  <  120  it-mm-mrad,  and  we 
define  halo  as  particles  with  emittance  >180  7i-mm- 
mrad,  the  acceptance  of  the  SNS  primary  collimators. 
All  cases  are  for  injection  of  2xl014  particles.  These 
results  do  not  include  lattice  errors  or  wall  impedance 
effects. 

2  PAINTING  SCHEMES 

The  SNS  ring  design  allows  both  horizontal  and  vertical 
closed  orbit  bumps  at  the  foil,  providing  flexibility  in  the 
possible  painting  schemes.  Three  primary  painting 


strategies  are:  (1)  inject  correlated  horizontal  and 
vertical  distributions;  (2)  inject  anti-correlated  horizontal 
and  vertical  distributions;  and  (3)  inject  a  painted 
horizontal  or  vertical  smoke-ring  distribution.  The  first 
scheme  has  the  advantage  of  pulling  the  painted 
distribution  away  from  the  foil  in  both  directions, 
resulting  in  the  fewest  foil  traversals.  At  completion,  the 
anti-correlated  painting  scheme  yields  a  distribution 
roughly  similar  to  a  K-V  distribution.  However,  in  this 
scheme  one  direction  is  pulled  toward  the  foil  during 
injection,  resulting  in  higher  foil  traversals,  and  a  larger 
aperture  is  required  than  in  the  other  two  cases.  The 
smoke-ring  scheme  is  the  simplest,  as  only  one  bump 
direction  is  employed. 


Table  1 .  Results  of  different  painting  scenarios. 


<Foil  Hits> 

^RMS 

mm-mrad 

Beam  %  with 
e(xm  >  180 
(7t-mm-mrad) 

Max.  tune 
spread 
(X/Y) 

Correlated  painting 

2.7 

26  /27 

0.004 

0.20  /  0.21 

Anti-correlated  Daintine 

5.8 

24/16 

0.25 

0.20  /  0.30 

Vertical  smoke  rine  Daintine 

3.7 

30/21 

0.038 

0.16/0.23 

Table  1  shows  results  of  the  three  painting  options. 
In  each  of  these  cases  the  closed  orbit  trajectory  was 
optimized  during  injection  painting  to  minimize  the 
amount  of  halo  produced  and  the  tune  shift.  All  cases  use 
the  nominal  SNS  FODO  cell  lattice  with  tunes  of  vx= 
5.82  and  vy  =  5.90,  which  result  in  little  beam  halo.  In 
the  anti-correlated  painting  scheme  particles  are  injected 
initially  with  a  large  emittance  in  one  direction  and  a 
small  emittance  in  the  other  direction.  We  chose  to 
inject  a  large  vertical  and  small  horizontal  emittance  at 
the  outset.  This  means  that  particles  with  large  vertical 
emittance  spend  more  time  in  the  beam  during  injection, 
compared  to  the  correlated  case  in  which  painting 
proceeds  from  smallest  to  largest  emittance  in  both 
directions.  In  the  correlated  case,  any  emittance  growth 
in  the  existing  beam  is  continually  painted  over  during 
the  injection.  This  is  one  reason  why  the  correlated 
painting  case  develops  little  halo.  Both  the  smoke-ring 
and  anti-correlated  injection  schemes  have  been 
optimized  to  reduce  halo  production  by  injecting  most 


*  SNS  research  is  sponsored  by  the  Division  of  Materials  Science,  U.S.  DOE,  under  contract  number  DE-AC05-96OR22464  with 
LMER  Corp.  for  ORNL. 
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particles  a  smaller  emittance  than  the  final  target  value. 
However,  this  results  in  small  RMS  emittances  and  large 
tune  spreads,  which  may  be  troublesome  in  the  presence 
of  magnet  errors. 

Figure  1  shows  the  real  space  distributions  for  the  final 
correlated  and  anti-correlated  painting  schemes.  The 
rectangular  shape  for  the  correlated  painting  scheme 
occurs  because  the  particles  with  the  largest  horizontal 
actions  Jx  also  have  the  largest  vertical  actions  Jy,  and  the 
elliptical  shape  for  the  anti-correlated  scheme  is  that 
expected  for  a  K-V  distribution.  Figure  2  shows  the 
vertical  phase  at  the  end  of  injection,  with  and  without 
transverse  space  charge  effects,  for  the  vertical  smoke 
ring  case.  Space  charge  forces  spread  and  fill  the 
distribution  dramatically,  This  behavior  has  been 
observed  experimentally  [3]. 

Figure  1.  Real  space  profiles  for  correlated  painting,: 
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and  for  anti-correlated  painting: 
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parameterized  to  minimize  halo  production  for  the 
nominal  tunes  of  v  =  5.82  and  vy  =  5.80.  Figure  3  plots 
the  resulting  fraction  of  the  beam  with  emittance  >180 
7i-mm-mrad  (in  either  X  or  Y)  vs.  the  bare  vertical  tune. 
For  each  of  these  cases,  the  horizontal  tune  is  held  fixed, 
and  the  dispersion  in  the  ring  straight  sections  is 
maintained  at  a  level  comparable  to  the  baseline  (<  0.4 
m).  As  seen  in  Fig.  3,  the  amount  of  generated  halo 
depends  strongly  on  the  operating  tune.  There  are  large 
amounts  of  halo  at  tunes  flanking  integer  values,  and 
there  are  also  regions  of  very  little  halo  generation,  for 
example  just  below  the  integer  tunes  at  vy  =  5.9  and  vy  = 
4.85.  The  peaks  and  minima  in  this  figure  have  not  been 
investigated  in  detail,  but  is  apparent  that  the  choice  of 
tune  is  important. 

Figure  2.  Vertical  phase  space  distribution  for  smoke 
ring  injection,  calculated  with  transverse  space  charge: 

Vertical  Phase 


y  (mm) 

and  without  transverse  space  charge. 


Vertical  Phase 


3  OPERATIONAL  TUNE 

Space-charge-driven  resonances  have  been  shown  to  The  vertical  beam  profiles  at  the  end  of  injection  for 
result  in  rms  beam  mismatch  that  leads  to  halo  growth  three  of  the  cases  shown  in  Fig.  3  are  plotted  in  Figure  4. 
[4],  In  this  section  we  survey  the  impact  of  varying  the  Even  though  the  painting  scheme  is  the  same  for  all 
bare  tune  in  the  SNS  lattice  for  a  fixed  injection  painting  three  cases,  the  final  profile  shape  is  affected  by  the 
scheme.  We  use  a  correlated  X-Y  painting  scheme  lattice  tune  through  the  influence  of  space  charge. 
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Figure  3.  Halo  generation  as  a  function  of  the  lattice  bare 
vertical  tune. 
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Figure  4:  Final  vertical  beam  profiles  for  three  of  the 
tunes  shown  in  Figure  3. 
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3  LATTICE  TYPE 

The  baseline  SNS  lattice  is  a  FODO  lattice  having  four 
super-periods.  We  use  a  doublet  with  similar  parameters 
(see  Table  2)  to  test  the  sensitivity  of  the  halo  generation 
to  the  lattice  type.  The  doublet  lattice  used  here  does  not 
include  the  fixed  injection  chicane  that  is  in  the  nominal 
SNS  lattice.  Figure  4  shows  the  fraction  of  the  beam 
with  emittance  >  180  7t-mm-mrad  at  the  end  of  injection 
for  (1)  the  nominal  SNS  FODO  lattice,  (2)  the  SNS 
FODO  lattice  without  the  injection  chicane,  and  (3)  the 
doublet  lattice.  There  is  little  difference  between  the 
SNS  FODO  lattice  with  and  without  the  injection 
chicane.  Both  the  doublet  and  FODO  lattices  show  a 
similar  trend  of  halo  vs.  tune,  with  minimum  halo 
generation  for  a  tune  of  5.90.  The  doublet  case  has  more 
halo  for  v,  =  5.85,  and  less  halo  for  vx  =  5.95. 

4  SUMMARY 

Injection  scenarios  have  been  investigated  for  the  SNS, 
with  particular  emphasis  on  minimizing  the  space- 
charge-induced  halo  growth.  Halo  levels  for  correlated 
X-Y  painting  are  smaller  than  anti-correlated  X-Y,  or 


vertical  smoke  ring  painting,  The  correlated  painting 
scheme  also  results  in  the  fewest  foil  traversals,  and  the 
smallest  tune  spread.  A  broad  survey  of  the  effect  lattice 
operational  tune  shows  a  strong  impact  on  beam  halo 
production.  Finally,  we  see  no  systematic  difference  in 
halo  production  between  comparable  doublet  and  FODO 
lattices  with  similar  tunes  and  injection  scenarios. 

Table  2:  Parameters  of  lattices  used  in  halo  calculation 
comparison. 


Length  (m) 

FODO 

220.7 

Doublet 

220.7 

Super-periods 

4 

4 

Aa  max  (m) 

19.1/19.5 

16.2/16.9 

Dispersion  -  max(m) 

4.14 

3.80 

#  quads 

48 

48 

#  dipoles 

32 

32 

Max.  straight  (m) 

5.29 

10.1 

Quad  lengths  (m) 

0.5 

0.5 

Quad  separation  (m) 

5.29 

1.0 

Figure  5:  Halo  generation  for  similar  injection  in  a 
FODO  and  a  Doublet  lattice. 
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Abstract 

ORBIT  (Objective  Ring  Beam  Injection  and  Tracking)  is 
a  new  particle  tracking  code  for  rings.  Modelling 
capabilities  include  H'  foil  injection  mechanisms, 
longitudinal  and  transverse  space  charge  effects,  and 
second  order  matrix  transport.  Additional  code  features 
include  a  programmable  interactive  driver  shell,  and 
interactive  plotting. 

1  INTRODUCTION 

ORBIT,  Objective  Ring  Beam  Injection  and  Tracking,  is 
a  new  C++  code  developed  for  the  Spallation  Neutron 
Source  (SNS)  project  to  build  the  most  intense  pulsed 
neutron  source.  The  code  includes  H‘  foil  injection 
modelling  features  needed  to  simulate  realistic  injection 
scenarios.  Because  the  SNS  project  will  produce  intense 
pulses,  l-2xl014,  of  low  energy  protons,  1  GeV,  and  is 
concerned  with  keeping  uncontrolled  beam  losses  to  less 
than  1  part  in  104,  space  charge  models  are  provided  to 
calculate  beam  halo,  allowing  minimisation  of  losses.  The 
general  code  features  are  described,  and  some  example 
calculations  are  shown.  A  more  detailed  description  of 
using  the  code  is  given  in  a  ORBIT  User  Manual  [1], 

2  FEATURES 

2.1  Driver  Shell 

ORBIT  is  written  in  C++,  and  uses  an  interactive 
programmable  driver  shell  [2],  which  can  access  variables 
and  routines  in  the  compiled  accelerator  modules. 
Additionally  the  driver  shell  allows  the  introduction  of 
interpreted  code  for  specific  applications.  Input  files  are 
scripts  (in  C++  syntax)  which  set-up  the  problem  by 
appropriate  variable  initialisation,  and  routine  calls  and 
contain  a  combination  of  interpreted  code  and  calls  to 
compiled  code.  Because  the  driver  shell  is  programmable, 
the  tools  provided  in  the  compiled  accelerator  modules 
can  be  used  together  in  a  generalised  fashion,  and  there 
are  few  predetermined  execution  flow  paths.  Input  files 
are  actually  small  programs.  A  portion  of  a  typical  input 
script  is  show  in  Table  1,  illustrating  some  driver  features 
such  as  mixing  interpreted  and  compiled  code. 

2.2  Accelerator  Classes 

The  accelerator  modelling  is  structured  in  an  object- 
oriented  manner,  based  on  two  fundamental  classes.  First 


there  is  a  MacroPart  class  which  contains  information 
about  a  “herd”  of  macro-particles  being  tracked.  Also 
there  is  a  Node  class,  which  includes  information  about 
different  actions  that  macro-particles  may  experience  as 
they  traverse  about  the  ring.  Examples  of  Node  sub¬ 
classes  are  shown  in  Table  2.  The  Node  class  objects  are 
related  to  the  MacroPart  classes  in  that  they  accept  a 
MacroPart  reference  as  an  argument.  This  arrangement 
facilitates  easy  implementation  of  tracking  multiple  herds 
simultaneously.  This  is  useful,  for  example,  in  some  of 
the  diagnostic  procedures  which  are  provided.  The  class 
structure  is  described  in  more  detail  in  the  ORBIT  User 
Manual  [1].  In  setting  up  a  ring  for  a  particular  run,  the 
nodes  may  be  put  together  in  a  general  fashion. 


Table  1 :  A  portion  of  an  input  script  for  an  ORBIT  run. 


/////////////////////////////////////// 

//  Add  a  non-accelerating  RF  Cavity  // 
/////////////////////////////////////// 
Real  tFactor; 

Integer  nRFHarms  =  1; 

RealVector  volts (nRFHarms) , 

harmNum (nRFHarms) ,  RFPhase (nRFHarms)  ,- 
harmNum(l)  =  1;  RFPhase (1)  =  0.; 

//  make  a  new  interpreted  routine: 

Void  PSRVolts ( ) 

{ 

tFactor  =  time/0.825; 
if (tFactor  >  1.)  tFactor  =  1.; 
volts (1)  =8.  +9.  *  tFactor; 

} 

//  call  a  compiled  routine: 

addRampedRFCavity ( "RF  1",  75,  nRFHarms, 
volts,  harmNum,  RFPhase,  PSRVolts) ; 

//  change  a  "compiled"  variable: 

_ nLonqBins  =  64; _ _ 


2.3  Modules  and  Other  Features 

Each  of  the  accelerator  classes  in  Table  2  represents  an 
abstraction  of  an  accelerator  simulation  action  and  is 
included  in  a  separate  module.  Each  module  has  an 
interface  and  an  implementation.  The  interface  describes 
how  the  module  appears  to  a  user,  i.e.  which  variables 
and  routines  can  be  manipulated  from  the  shell.  The 
implementation  contains  the  actual  algorithms.  The  ability 
for  the  driver  shell  to  communicate  with  specific  module 
variables  and  routines  is  achieved  by  pre-processing  the 
interface  during  the  code  build. 

The  code  also  includes  features  for  flexible  output  and 
interactive  plotting,  either  X-window  or  postscript.  No 
proprietary  software  is  used,  but  several  freely  available 


’  SNS  research  is  sponsored  by  the  Division  of  Materials  Science,  U.S.  DOE,  under  contract  number  DE-AC05-96OR22464  with 
LMERCorp.  for  ORNL. 
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packages  are  incorporated.  ORBIT  has  run  on  LINUX  treatments  are  about  16  hours  to  simulate  1200  turn 
(Pentium  PCs  and  DEC  alpha’s),  Digital  UNIX,  IBM  and  injection  of  the  SNS  accumulator  ring  using  100,000 
SUN  workstations.  Typical  run  times  for  full  space  charge  macro-particles  and  480  azimuthal  steps  per  turn. 


Table  2:  Node  classes  in  the  ORBIT  code.  Indented  entries  represent  sub-classes. 


Node  Class 

Description 

Transfer  Matrix 

Fundamental  transport  mechanism,  using  externally  generated  matrices  from 

1st  order 

MAD. 

2nd  order* 

Used  for  linear  tracking. 

Used  for  tracking  at  2nd  order. 

Acceleration 

Provides  energy  kicks  due  to  an  RF  cavity. 

RFCavity 

Used  for  non-accelerating  RF  structures. 

Used  for  accelerating  RF  structures. 

RampedB  Accel’ 

For  synchronous  particle  acceleration,  with  a  prescribed  B  and  Voltage  ramp. 

Longitudinal  Space  Charge 

Gives  a  longitudinal  space  charge  kick. 

FFTLSpaceCharge 

Use  an  FFT  method,  and  optionally  includes  wall  impedance  effects. 

Transverse  Space  Charge 

Gives  a  transverse  momentum  kick  from  space  charge. 

PWSum 

Calculate  the  space  charge  force  using  pairwise  sum  over  macro-particles. 

BrueForcePIC 

Calculate  the  space  charge  force  using  a  brute-force  PIC. 

FFT-PIC 

Calculate  the  space  charge  force  using  an  FFT  PIC  implementation. 

Bump 

Moves  the  closed  orbit  up  (or  down)  as  a  function  of  time. 

Foil 

H‘  source,  and  scattering  element.  Also  calculates  foil  traversals. 

Aperture 

Either  counts  hits  at  a  prescribed  position,  or  removes  macro-particles. 

RectAperture 

For  a  rectangular  shaped  aperture. 

Thin  Lens 

Provides  macro-particles  with  a  thin  lens  kick. 

ThinMPole* 

Generalised  multipole  kick.. 

Diagnostic 

Calculates  diagnostic  properties  for  a  macro-particle  herd. 

MomentNode 

Calculate  moments  of  a  herd. 

StatLatNode 

Calculate  the  statistical  lattice  parameters. 

PMTNode 

Poincare-Moment-Tracking  -  dumps  the  particle  coordinates  of  a  test  herd, 
every  “core  oscillation”  of  the  main  herd. 

LongMountainNode 

Dumps  the  longitudinal  histogram  for  a  herd. 

*  These  capabilities  have  been  installed  and  are  undergoing  testing. 


3  EXAMPLE  CALCULATIONS 

This  section  illustrates  some  examples  of  calculations  that 
can  be  performed  with  ORBIT.  By  no  means  is  it  an 
exhaustive  set  of  examples. 

3.1  Injection  Painting 

Figure  1  shows  an  example  of  transverse  and  longitudinal 
phase  space  distributions  resulting  at  the  end  of  a 
programmed  closed  orbit  bump  painting,  with  no 
transverse  space  charge.  These  plots  illustrate  the  built-in 
plotting  capabilities.  The  hollow  horizontal  phase  space 
profile  was  produced  by  a  programmed  closed  orbit  bump 
that  spent  more  time  injecting  at  the  outer  regions  of  x 
than  for  the  inner  regions  of  x. 

3.2  Space  Charge 

Figure.  2  shows  an  example  of  a  tune  spread  “necktie” 
diagram  calculated  by  ORBIT  with  space  charge  at  the 
end  of  injection.  The  tunes  were  calculated  by  the  tune 
diagnostic  and  subsequently  dumped  to  a  file.  Then  this 
tune  plot  was  created  by  an  auxiliary  plotting  application. 


gnuplot.  There  are  many  built-in  methods  for  dumping 
information  to  files,  and  it  is  also  possible  to  perform 
customised  data  dumps  from  input  script  files  by  creating 
new  output  streams  on  the  fly.  Another  example  of  a 
space  charge  diagnostic  is  a  beam  quadrupole  moment 
shown  in  Fig.  3.  This  diagnostic  shows  the  beam 
quadrupole  moment  for  two  different  beam  intensities 
during  three  turns  at  the  end  of  injection.  This  is  an 
example  of  a  “high  frequency”  diagnostic.  These  moment 
diagnostics,  as  well  as  other  diagnostics  can  also  provide 
information  at  lower  frequency,  such  as,  once  a  turn.  As 
indicated  in  Table  2,  there  are  many  diagnostic  tools 
provided  to  understand  the  behaviour  of  the  transverse 
space  charge  effects. 

Finally  in  Fig.  4  we  show  an  example  of  a  benchmark 
comparison  of  simulated  and  experimentally  observed 
beam  profiles.  This  is  a  simulation  of  a  Proton  Storage 
Ring  case,  and  is  described  in  detail  in  Ref.  [3].  Figure  4 
shows  the  experimentally  observed  vertical  beam  profile, 
the  simulated  beam  profile,  and  the  simulated  profile 
neglecting  space  charge  effects.  The  simulated  profile 


3144 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


agrees  fairly  well  with  the  experimentally  observed 
profile,  but  the  agreement  is  not  good  if  space  charge 
effects  are  neglected.  The  ORBIT  code  is  available  at 
http://www.oml.gov/~idg/APGroup/Codes/Codes.html . 
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Figure  1.  Example  ORBIT  plots  for  transverse,  upper,  and 
longitudinal,  lower,  phase  space  distributions,  calculated 
at  the  end  of  a  programmed  injection  bump. 
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Figure  2.  Transverse  tune  spread  “necktie”  information 
calculated  by  ORBIT  at  the  end  of  injection. 
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Figure  3.  Example  of  the  beam  quadrupole  moment 
verses  position  for  three  turns  around  the  PSR  ring  near 
the  end  of  injection,  for  two  different  intensities. 


Figure  4.  Comparison  of  calculated  and  measured  PSR 
beam  profiles.  Inclusion  of  space  charge  is  crucial  to 
matching  the  observed  profiles 
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IONIZATION  COOLING  OF  MUON  BEAM  BY  MULTISTAGE  SYSTEM 
OF  LITHIUM  LENSES  WITH  MATCHING  SECTIONS* 


V.I.Balbekov,  FNAL,  Batavia,  IL 


Abstract 

System  of  lithium  lenses  with  matching  sections  as  the  last 
stage  of  ionization  cooling  for  muon  collider  is  consid¬ 
ered.  The  matching  section  including  accelerating  cavi¬ 
ties,  straight  and  bent  solenoids,  and  wedge  absorbers  pro¬ 
vide  both  acceleration  and  focusing  of  the  beam  as  well  as 
transverse-longitudinal  emittance  exchange.  Results  of  an¬ 
alytical  calculations  and  Monte  Carlo  simulations  with  scat¬ 
tering  and  straggling  are  presented.  Suppression  of  nonlin¬ 
ear  and  chromatic  effects  is  discussed. 

1  INTRODUCTION 

The  latest  stage  of  ionization  cooling  for  muon  collider  re¬ 
quires  a  multistage  lithium  lens  which  can  provide  a  long¬ 
distance  /?  -  function  about  1  cm  really  unachievable  with 
any  other  device[l,  2],  Average  j3  -  function  of  match¬ 
ing  sections  between  Li  lenses  is  much  more  and  has  more 
or  less  significant  modulation.  Chromatic  aberrations  are 
strong  in  such  conditions  laying  obstacles  to  focusing  of 
the  beam  on  the  next  Li  lens.  Usual  way  of  suppression  by 
sextupole  correctors  is  unusable  in  this  case  because  of  at¬ 
tendant  nonlinear  effects.  But  it  can  be  attenuated  by  tak¬ 
ing  opposite  energy  offset  A E  of  any  particle  on  the  begin¬ 
ning  and  the  end  of  the  matching  section  what  achieved  at 
synchrotron  phase  advance  -k  per  section.  It  requires  rather 
high  momentum  of  particles  (P  ~  300  MeV/c)  because 
chromatic  effects  are  proportional  not  A  E  but  A  p/p  (an¬ 
other  reason  is  nonlinearity  of  longitudinal  motion,  which 
discussed  later). 

The  805  MHz,  30  MeV/m  accelerating  system  is  consid¬ 
ered  now  as  the  most  perspective^].  About  5  m  of  such  a 
linac  is  required  for  the  phase  rotation  and  approximately 
the  same  for  ’pure’  acceleration  to  get  more  or  less  satis¬ 
factory  efficiency  of  the  accelerating  system.  It  means  that 
energy  gain  in  the  section  should  be  about  150  MeV,  and 
rather  long  Li  lenses  (1.5  -  1.8  m)  are  required. 

Emittance  exchange  is  another  big  problem.  Typical  en¬ 
ergy  spread  of  cooled  muon  beam  is  about  ±50  MeV  on 
3cr  level  which  should  be  decreased  approximately  on  20% 
by  wedge  absorber  to  compensate  straggling  in  Li  lens.  It 
means  that  energy  loss  in  the  center  of  the  absorber  is  about 
10  MeV  requiring  7  -  8  cm  of  LiH.  It  gives  a  scale  of  aver¬ 
age  (3  -  function  in  the  absorber  and  means  that  scattering 
in  it  may  be  comparable  with  scattering  in  Li  lens  of  1  cm 
/ 3  -  function.  Therefore  a  using  of  wedge  absorbers  in  very 
end  of  the  cooling  channel  is  at  least  undesirable. 

Another  important  effect  is  violation  of  balance  of  chro- 
maticity  by  wedge  absorber  which  changes  energy  distribu- 

*  Work  supported  by  the  U.S.  Department  of  Energy  under  contract  No 
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tion.  Therefore  it  can  be  placed  only  at  the  end  of  matching 
section  to  avoid  accumulation  of  chromatic  distortions.  It 
means  also  that  only  1  wedge  per  section  may  be  used  pro¬ 
viding  exchange  of  longitudinal  emittance  with  one  trans¬ 
verse  direction.  The  exchange  with  other  direction  is  avail¬ 
able  in  practice  only  in  the  following  matching  section. 

2  SCHEMATIC  AND  PARAMETERS  OF 
THE  COOLER 

A  system  of  5  Li  lenses  with  4  matching  sections  is  consid¬ 
ered  to  meet  these  conditions  (Fig.l).  It  includes  2  sections 
with  and  2  ones  without  wedge  absorbers.  Main  parameters 
of  the  cooler  are  listed  in  Table  1 . 


LI  MSI  L2  MS2  L3  MS3  L4  MS4  L5 


Figure  1 :  Schematic  of  the  cooler. 


Table  1 :  Parameters  of  the  cooler 


Muon  momentum,  MeV/c 

298.9  -  463.6 

Total  length,  m 

49.69 

Length  of  Li  lens 

1.686  and  1.807 

Length  of  matching  section,  m 

9.875  -  10.667 

Accelerating  frequency,  MHz 

805 

Accelerating  gradient,  MV/m 

30 

Scheme  of  a  matching  section  is  shown  on  Fig.2.  1st 
short  solenoid  matches  strongly  divergent  beam  going  out 
the  Li  lens  with  a  long  central  solenoid.  By  this,  there  is 
no  beam  envelop  modulation  in  the  central  solenoid  what 
weaken  chromatic  effects.  Short  solenoids  in  the  end  of  the 
section  focus  the  beam  on  the  center  of  next  Li  lens.  Sec¬ 
tions  3-4  without  emittance  exchange  include  1  straight 
solenoid  whereas  1st  and  2nd  sections  include  additionally 
2  bent  solenoids  to  excite  and  suppress  dispersion.  Bent 
solenoids  placed  inside  of  combine  function  magnets  with 
field  index  0.5  to  prevent  vertical  drift.  Such  a  system  has 
almost  the  same  transfer  matrix  as  usual  solenoid  and  cre¬ 
ates  easy  controlled  dispersion  function.  All  front  and  back 


Figure  2:  Matching  section  with  emittance  exchange. 
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solenoids  have  a  length  Ai,arm07./2,  and  central  solenoid  - 
4A Larmor-  Parameters  of  the  matching  sections  are  listed 
in  Table  2. 


Table  2:  Parameters  of  matching  section 


No  of  MS 

1 

2 

3 

4 

Length,  m:  Total 

10.657 

10.544 

9.933 

9.875 

Front  solenoid 

.255 

.228 

.197 

.171 

Central  solenoid 

9.500 

9.500 

9.500 

9.500 

Any  back  solenoid 

.304 

.272 

.236 

.204 

Field,  T:  Front  s. 

12.29 

13.74 

15.86 

18.32 

Central  solenoid 

3.157 

3.154 

3.145 

3.142 

Any  back  solenoid 

15.97 

17,86 

20.62 

23.81 

Traveling  wave  linacs  are  placed  inside  central  solenoids. 
Each  of  them  is  divided  on  3  subsections  with  different  sta¬ 
ble  phases  to  get  synchrotron  phase  advance  7 r  and  avoid 
an  inadmissible  adiabatic  increase  of  energy  spread  of  the 
beam. 


Table  3:  Length  (m)/Stable  phase  (deg)  of  subsections 


MS 

1 

2 

3 

4 

551 

552 

553 

3.776/11.6 

2.498/90 

3.225/38.9 

3.821/13.7 

2.391/90 

3.288/40.0 

3.944/12.0 

2.048/90 

3.508/43.5 

3.968/12.0 

1.966/90 

3.567/44.4 

3  NONLINEAR  AND  CHROMATIC 
DISTORTIONS 

Fig.3  shows  nonlinear  distortion  of  longitudinal  motion. 
Nonlinearity  of  accelerating  field  as  well  as  nonlinear  de¬ 
pendence  of  flying  time  on  energy  are  responsible  for  this. 
The  latest  effect  become  very  stronger  at  lower  energy 
which  is  another  (besides  chromaticity)  reason  to  take  high 
energy  muons  for  the  cooling. 

Fig.4  demonstrates  chromatic  effects  in  4th  matching 
section.  It  is  assumed  that  phase  ellipse  in  the  beginning  is 
canonical  corresponding  to  the  beam  boundary  on  the  level 
3cr.  It  is  seen  that  chromatic  effects  is  suppressed  almost 
totally  at  -<je  <  A E  <  3<j e  and  not  very  strong  at 
—3 (Je  <  AJS  <  —2 oe-  Effect  depends  both  on  particles 
energy  and  distribution  of  synchronous  phases  which  prob¬ 
ably  can  be  optimized  more.  1st  and  2nd  sections  give  more 
chromaticity  because  of  wedge  absorbers. 

Fig.5  demonstrates  transverse  nonlinear  effects  in  4th 
section  for  equilibrium  particles.  Initial  phase  ellipses  are 
canonical  corresponding  to  transverse  emittance  on  the  lev¬ 
els  1,2,3  0.  These  distortions  are  tolerable,  but  it  is  neces¬ 
sary  to  remember  that  effect  substantially  enhanced  for  non¬ 
equilibrium  particles. 


Figure  3:  Effect  of  longitudinal  nonlinearity.  Solid  lines  - 
initial  phase  ellipses  (levels  1,2  3  o),  dashed  lines  -  after  1 
cell,  long  dashed  -  after  2  cells. 


Horizontal  coordinate,  cm 

Figure  4:  Phase  ellipse  after  4th  section  at  different  energy 
deviations.  Initial  phase  ellipse  is  canonical,  oe  =  16MeV. 


Horizontal  coordinate,  cm 


Figure  5:  Nonlinear  distortion  in  4th  section.  Solid  lines - 
phase  ellipses  before  the  section  (1,2,3  0  -  levels),  dashed 
lines  -  phase  ellipses  after  the  section. 

4  LITHIUM  LENSES 

Any  section  provides  cooling  of  transverse  emittance  by 
factor  A  —  ^out/^ini 

A  =  Prnin  L  +  ftnox  f  ,  (1) 

Pmax  \  2 €in  J  y  Pmax  MS  J 

where  p  is  momentum,  e  -  geometrical  emittance,  /?max  - 
!3  -  function  in  the  beginning  of  Li  lens,  d(02)/ds  -  r.m.s. 
angle  of  multiple  scattering  per  unit  of  length.  Calculation 
of  the  integral  gives  0.0015  at  given  energy. 

The  cooling  goes  down  when  emittance  decreases.  To 
avoid  this,  it  is  necessary  to  decrease  f3  -  functions  of  Li 
lenses  in  the  series  to  keep  constant  angle  spread  of  the 
beam  x'[4];  then  ej„  =  f3maXx'2.  At  x'  —  1/15  scatter- 
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ing  increases  the  cooling  factor  on  20%  and  gives  A  =  0.75 
in  good  agreement  with  simulation.  Therefore  transverse 
momentum  spread  decreases  by  factor  0.77  what  should  be 
compensated  in  matching  sections  to  have  constant  spread 
in  any  Li  lens  (it  achieved  by  appropriate  ratio  of  fields  of 
front  and  back  solenoids).  As  a  result,  beam  radius  de¬ 
creases  from  lens  to  lens  by  factor  0.75  but  it  grows  up  to 
0.8  in  1st  and  2nd  sections  because  of  emittance  exchange.I 
Choosing  initial  transverse  emittance  of  the  beam  as  l7r| 
mm,  it  is  possible  to  pre-estimate  r.m.s.  beam  radius  in  anyg 
Li  lens.  The  lens  radius  should  be  3.5  times  more  to  avoid| 
excessive  particle  loss  (see  below).  It  allows  to  calculate  alh§ 
the  lenses  parameters  which  are  listed  in  Table  4.  The  firstg 
lenses  are  shorter  because  wedge  absorbers  additionally  de-£ 
crease  the  energy  on  10.6  MeV.  Current  of  all  the  lenses  is 
440  kA. 


loss  in  matching  sections  is  large  still  and  an  improvement 
of  the  system  is  necessary.  A  good  result  gives  decrease 
of  accelerating  frequency.  Emittance  exchange  is  unsolved 
problem  for  a  beam  with  ultimate  small  transverse  emit¬ 
tance,  too.  Interesting  idea  is  the  exchange  inside  Li  lens[5] 
but  it  is  very  very  difficult  technical  problem. 


Horizontal  coordinate,  mm  Horizontal  coordinate,  mm 


Table  4:  Parameters  of  Li  lenses 


Lens  No 

1 

2 

3 

4 

5 

Length,  m 

1.686 

1.686 

1.686 

1.807 

1.807 

Radius,  cm 

1.166 

0.932 

0.700 

0.524 

0.393 

Grad,  T/cm 

6.476 

10.12 

17.99 

31.98 

56.86 

Max  field,  T 

7.551 

9.432 

12.59 

16.76 

22.35 

© 

TD 


5  SIMULATION  I 

© 

c 

Gaussian  distribution  with  parameters:  ax  =  ay  = 
3.33  mm,  aPx  —  aPy  =  32  MeV/c,  az  —  1.5  cm,  oe  — 
16  MeV  was  taken  for  simulation.  The  distribution  was  cut 
on  the  level  3a  according  to  radius  of  1st  Li  lens. 

Fig.6  gives  distributions  of  injected  (left)  and  cooled 
beams  on  transverse  phase  plane.  Very  similar  picture  is  ob¬ 
tained  in  linear  approximation.  It  means  that  nonlinear  and 
chromatic  transverse  distortions  are  suppressed  rather  good. 
Longitudinal  distortions  are  more  significant  as  shown  on 
Fig.7.  Both  straggling  and  nonlinearity  cause  a  beam  halo 
and  large  additional  loss  of  particles.  The  distributions  have 
different  slops  because  reside  in  different  ends  of  the  lenses 
and  have  canonical  form  in  centers. 

Fig.7  shows  dependence  of  normalized  r.m.s.  emittance 
on  distance  along  the  cooler.  Filled  and  unfilled  symbols  are 
related  to  nonlinear  and  linear  consideration  of  the  match¬ 
ing  sections.  Lower  lines  give  a  behavior  of  transverse 
emittance  and  confirm  that  distortions  are  rather  small  in 
this  direction.  Upper  lines  concerning  to  longitudinal  mo¬ 
tion  are  less  regular  because  longitudinal  perturbations  in 
any  section  partially  compensated  by  nonlinearity  of  the 
next  one  (see  Fig.3).  Because  of  aperture  restriction,  final 
6-dimensional  emittance  is  almost  the  same  in  both  consid¬ 
erations  (0.20  and  0.23  mm3)  but  loss  of  particles  is  very 
different:  8%  and  32%.  Distribution  of  the  losses  ate:  de¬ 
cay  about  3%,  scattering/straggling  in  Li  lens  and  wedge 
absorber  5%,  imperfection  of  the  matching  sections  24%. 

6  CONCLUSION 

Li  lenses  with  surface  field  20-25  T  can  provide  6- 
dimension  emittance  required  for  muon  collider  but  particle 


Figure  6:  Initial  and  final  transverse  distributions. 
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Figure  7:  Initial  and  final  longitudinal  distributions. 


Distansce,  m 

Figure  8:  Dependence  of  emittance  and  transmission  on 
distance.  Unfilled  symbols  -  linear  approximation 
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Abstract 


The  ionization  cooling  of  muons  requires  longitudinal 
acceleration  of  the  muons  after  scattering  in  a  hydrogen 
target.  In  order  to  maximize  the  accelerating  voltage,  we 
propose  using  linear  accelerating  structures  with  cells 
bounded  by  thin  beryllium  metal  foils.  This  produces  an 
on-axis  field  equivalent  to  the  maximum  surface  field, 
whereas  with  beam-pipes  the  accelerating  field  is 
approximately  half  that  of  the  peak  surface  field  in  the 
cavity.  The  muons  interact  only  weakly  with  the  thin 
foils.  A  n/2  interleaved  cavity  structure  has  been  chosen, 
with  alternate  cells  coupled  together  externally,  and  the 
two  groups  of  cells  fed  in  quadrature.  At  present  we  are 
considering  an  operating  temperature  of  77K  to  gain  a 
factor  of  at  least  two  in  Q- value  over  room  temperature. 
We  will  describe  the  design  of  the  n/2  interleaved  cavity 
structure,  design  of  an  alternative  Jt-mode  open  structure, 
preliminary  experimental  results  from  a  low-power  test 
cavity,  and  plans  for  high-power  testing. 

1  INTRODUCTION 

Feasibility  studies  of  muon  colliders  for  high  energy 
physics  experiments  have  been  underway  for  some  years, 
and  critical  issues  and  experiments  have  been  identified  [1, 
2].  One  of  the  more  important  issues  is  that  of  cooling 
the  overall  6-dimensional  phase  space  of  the  collected 
muons  by  a  factor  of  approximately  106  in  a  time  dictated 
by  the  short  muon  decay  time. 

An  ionization  cooling  scheme  has  been  developed,  in 
which  the  muons  lose  momentum  in  a  low-Z  material, 
after  which  they  regain  their  longitudinal  momentum  in 
an  RF  accelerating  section.  Sections  of  absorber  and  RF 
accelerator  alternate  inside  a  solenoidal  magnetic  focussing 
field,  and  bent  solenoid  emittance  exchange  sections 
provide  6-dimensional  cooling.  The  entire  cooling  channel 
may  consist  of  about  20  modules,  with  a  factor  2  cooling 
per  module. 

The  large  transverse  emittance  of  the  muon  beam 
requires  large  apertures,  and  the  RF  cavities  must 
accommodate  up  to  a  16  cm  beam  diameter.  Such  a  large 
bore  leads  to  a  low  shunt  impedance  in  conventional  open 
beam-pipe  structures,  however  we  propose  to  study 
cavities  with  up  to  16  cm  diameter  thin  (127  pm) 
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beryllium  windows  through  which  the  muon  beams  pass 
with  low  scattering  rate  [3,4].  This  allows  the  shunt 
impedance  of  the  device  to  be  increased,  the  maximum 
surface  field  to  equal  the  on-axis  accelerating  field,  and  the 
phase  advance  per  cell  to  be  arbitrarily  chosen. 

In  addition  to  the  pillbox  design,  we  are  studying  a 
standing  wave  multicell  cavity  with  open  apertures,  scaled 
to  match  the  beam  profile  through  the  structure. 

2  RF  SYSTEM  REQUIREMENTS 

The  purpose  of  the  RF  accelerating  system  is  to  replenish 
longitudinal  momentum  lost  by  the  muons  in  scattering 
in  the  liquid  hydrogen  target.  Each  section  must  restore 
the  longitudinal  energy  lost  in  the  preceding  target, 
resulting  in  an  average  gradient  requirement  of  34  MVm'1 
experienced  by  the  muon  beam. 

Beryllium  window  thickness  is  limited  by  the  additional 
emittance  increase  resulting  from  Coulomb  scattering 
within  the  metal.  Although  the  tolerance  to  Be  is  greater 
at  the  input  to  the  cooling  channel,  where  the  emittance  is 
largest,  we  choose  to  use  the  thinner  (127  pm)  windows 
demanded  at  the  low-emittance  end  of  the  cooling  channel. 
An  alternating  solenoidal  magnetic  field  will  be  applied 
throughout  the  cooling  channel  to  focus  the  beam.  Peak 
fields  of  15  T  or  greater  are  produced  by  superconducting 
solenoids,  and  the  RF  structures  must  sit  inside  the  bore 
of  the  solenoids.  The  length  of  the  RF  accelerating 
structure  is  1.3  m. 


Table  1 :  Cooling  section  RF  system  specifications 


Frequency  (MHz) 

805 

Muon  momentum  (MeV/c) 

180 

Relativistic  8 

0.87 

Average  accelerating  gradient  (MVm'1) 

34 

Beryllium  window  thickness  (um) 

<  127 

3  k/2  INTERLEAVED  CAVITY 

The  n/2  interleaved  cavity  consists  of  two  chains  of  side- 
coupled  cavities  with  Be  windows,  interleaved,  with  a 
difference  of  n/2  in  the  phase  of  the  drive  power  to  each 
chain.  Figure  1  shows  a  section  of  the  structure.  Each  cell 
is  a  modified  pillbox,  with  beryllium  windows  defining 
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the  end  plates,  through  which  the  muon  beam  passes.  The 
peak  surface  field  is  thus  equal  to  the  peak  accelerating 
field  on  axis.  Coupling  between  cells  is  through  a  side- 
coupled  cell,  and  the  phase  advance  between  cells  is 
determined  to  be  Jt/2  by  appropriate  choice  of  cell  length 
for  the  given  muon  velocity,  and  phase  of  drive  to  each 
chain  of  cells.  Each  chain  is  powered  from  a  waveguide 
coupled  into  one  of  the  accelerating  cells.  Coupling  cells 
are  coaxial  structures,  resonant  at  the  frequency  of  the 
accelerating  cells.  The  design  has  a  high  shunt  impedance 
and  is  tolerant  to  dimensional  errors. 

To  further  increase  the  shunt  impedance,  we  propose  to 
investigate  the  possibility  of  cooling  the  structure  to 
liquid  nitrogen  temperatures.  The  resulting  increase  in 
conductivity  of  copper  is  about  a  factor  of  two  over  room 
temperature,  and  a  greater  increase  may  be  expected  for  the 
beryllium  windows.  The  physical  properties  of  beryllium 
at  low  temperatures,  however,  are  not  well  determined  and 
are  the  subject  of  several  channels  of  investigation, 
including  the  manufacture  of  a  low-power  test  cavity  with 
interchangeable  windows.  We  expect  an  improvement  in 
Q-value,  and  hence  shunt  impedance,  of  a  factor  of  two  at 
77K. 

2.1  Beryllium  windows 

The  inclusion  of  beryllium  windows,  allowing  the 
accelerating  field  to  equal  the  peak  surface  field,  and 
isolation  of  cells  in  the  interleaved  structure,  increase  the 
shunt  impedance  of  the  structure  over  conventional 
designs.  The  trade-offs  are  with  difficulties  in  mechanical 
construction  and  stability  of  the  structure,  power  and 
voltage  handling  capabilities,  and  dark  current  generation. 
Wakefield  effects  of  the  thin  beryllium  foils  may  be 
advantageous. 

As  the  cavity  cools  to  liquid  nitrogen  temperatures, 
differential  contraction  between  the  beryllium  window  and 
the  copper  body  of  the  cavity  results  in  compressive 
stresses  on  the  beryllium,  causing  it  to  distort.  The 
resulting  frequency  change  is  unacceptable,  and  we  are 
studying  window  frame  designs  of  composite  materials 
and  pre-stressing  the  foil  to  overcome  the  compressive 
forces  on  the  foils.  Heating  by  RF  currents  in  the  foil 
causes  expansion  and  additional  distortions,  complicated 
by  the  sensitivity  of  beryllium  materials  properties  to 
temperature  [5].  It  is  clear  that  the  stresses  induced  by  RF 
heating  are  beyond  yield  strength  if  operated  at  room 
temperature,  we  are  investigating  solutions  at  77K. 
Voltage  handling  capability  is  being  studied  in  tests  at  the 
AO  facility  at  FNAL.  Here,  small  (16mm  diameter) 
samples  of  beryllium  foils  of  thickness  varying  from  125 
pm  to  50  pm  are  being  tested  at  high  field  in  a  1.5  GHz 
RF  gun  structure.  To  date,  no  damage  to  foils  has  been 
observed  up  to  the  maximum  achievable  gradient  of  35 
MVm'1.  Tests  will  continue  at  higher  gradients  in  an 
effort  to  determine  the  damage  level  for  the  foils.  Dark 
current  may  also  be  investigated  in  this  apparatus. 


Additional  tests  are  planned  for  a  pillbox  cavity  with 
beryllium  surfaces  on  the  end  plates,  operated  at  high 
power  and  in  a  magnetic  field  to  study  surface  breakdown. 
Wakefield  effects  of  a  subrelativistic  beam  in  a  pillbox 
structure  are  under  investigation. 

We  will  also  test  a  low-power  cavity  to  investigate  several 
of  these  aspects,  as  described  in  section  5. 

Properties  of  the  n/2  interleaved  structure  at  room 
temperature  are  listed  in  table  2. 


Figure  1 :  Layout  of  n/2  interleaved  cavity  structure 


Table  2:  Jt/2  interleaved  cavity  specifications  (room 
temperature) 


Transit  time  corrected  shunt  impedance  (MQm1) 

37.8 

On 

19600 

Transit  time  T 

0.9 

Filling  time  T  (ps) 

3.9 

Cell  length  (cm) 

8.1 

Power  for  34  MVm’1  (MW  m'1) 

31 

4  OPEN  IRIS  STRUCTURE 

An  alternative  to  the  n/2  interleaved  structure  is  the 
conventional  multi-cell  cavity  with  open  irises  through 
which  the  beam  passes.  This  design  avoids  the 
complications  of  mounting  and  controlling  distortions  in 
thin  metal  foils,  but  involves  the  use  of  more  power  (the 
structure  has  a  lower  shunt  impedance),  and  operating  at 
higher  peak  surface  fields.  Table  3  lists  the  RF 
characteristics  of  the  open-iris  structure  shown  in  figure  2, 
a  7t-mode  eight  cell  linac  (a  half-structure  is  modeled  here). 
We  plan  to  build  three-cell  structures  to  high  power  test  in 
strong  magnetic  fields  to  determine  the  viability  of 
operating  cavities  under  conditions  required  in  the  muon 
cooling  experiment.  Lacking  the  more  complex 
engineering  challenges  of  the  n/2  interleaved  structure,  the 
open-iris  design  may  allow  the  most  rapid  development  of 
a  structure  for  the  initial  cooling  tests. 
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Table  3:  Open  iris  cavity  specifications 


Transit  time  corrected 
shunt  impedance  (Mflm'1) 

17 

Q„ . 

29500 

Transit  time  T 

0.6 

Filling  time  x  (ps) 

12 

Cell  length  (cm) 

16.2 

Power  for  34  MVm'1  (MW  m1) 

68 

Figure  2:  Open-iris  cavity  design,  showing  electric  field  in 
an  8-cell  structure 

5  EXPERIMENTAL  STATUS 

An  experimental  low-power  test  cavity  consisting  of  two 
coupled  half-cells  and  one  full  cell  of  the  tt/2  interleaved 
cavity  structure  has  been  built  to  test  mechanical  stability, 
Q,  and  thermal  effects  to  LN2  temperatures.  Figure  3 
shows  the  two  halves  of  the  tc/2  interleaved  cavity  low- 
power  test  structure.  The  irises  are  open  in  this  view.  The 
beryllium  foils  are  diffusion  bonded  into  in  a  sturdy 
beryllium  ring,  which  is  then  clamped  into  the  copper 
cavity  with  RF  contact  established  by  circumferential 
springs  mounted  inside  the  iris  and  clamp  ring.  Center 
conductors  are  mounted  in  the  coupling  cell,  and  the  two 
halves  and  also  end  plates  are  bolted  together.  Springs 
mounted  in  recesses  provide  RF  contact  at  joints,  and 
tuning  screws  are  provided  for  each  cell  along  with 
coupling  loops  and  probes  for  RF  power  input  and 
measurements. 

Cooling  channels  will  be  wrapped  around  the  outside 
(grooves  shown  in  figure  3),  and  the  structure  will  be 
inserted  into  a  vacuum  tank  with  liquid  nitrogen  flowing 
through  the  cooling  tubes  to  reduce  it’s  operating 
temperature.  Low-power  measurements  of  the  frequency 
and  Q  of  modes  will  be  made  as  a  function  of  temperature. 
To  test  the  effects  of  heating  in  the  structure,  a  high- 
power  feed  will  be  provided  also.  An  average  power  of  up 
to  450  W  is  required  to  simulate  the  average  power 


dissipation  under  long-pulse  operation  in  the  cooling 
channel  RF  systems. 

The  low-power  cavity  is  being  measured  at  LBNL, 
currently  at  room  temperature,  and  measurements  at  low 
temperatures  are  scheduled  to  begin  soon. 

Beryllium  properties  are  also  being  investigated  in 
experimental  apparatus  at  BNL,  and  at  the  University  of 
Mississippi.  Measurements  of  beryllium  strips  in  a 
structure  resonant  at  805  MHz  have  been  made  as  a 
function  of  ambient  temperature,  to  determine  the 
resistivity  of  beryllium  in  commercial  grade  foils.  D.C. 
measurements  are  also  being  made,  and  initial  results 
show  a  discrepancy  between  the  low-temperature 
measurements  at  d.c.  and  at  805  MHz,  with  the  RF 
measurements  indicating  substantially  higher  resistivity. 


Figure  3: 7t/2  interleaved  cavity  low-power  test  structure, 
copper  cavity  halves 


High-power  testing  of  cavities  will  take  place  at  FNAL, 
within  a  5T  solenoidal  magnetic  field,  and  using  an 
existing  805  MHz  klystron  operating  at  up  to  15  MW. 
Plans  are  well  advanced,  and  high-power  testing  is 
scheduled  to  begin  in  September  1999. 
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Abstract 

Using  muons  in  high  energy  colliders  has  an  advantage  in 
that  the  muons  emit  negligible  synchrotron  radiation,  but 
has  the  disadvantage  that  the  lifetime  of  the  muons  is  very 
short.  The  latter  requires  that  the  muons  be  accelerated 
as  rapidly  as  possible  to  prevent  particle  loss.  The  for¬ 
mer  allows  one  to  loop  back  and  pass  through  the  same 
linac  multiple  times,  thereby  achieving  potentially  signif¬ 
icant  cost  advantages.  Some  of  the  acceleration  systems 
will  use  recirculating  linacs  to  achieve  the  reuse  of  the  ac¬ 
celerating  structures.  However,  the  large  longitudinal  beam 
emittances  make  it  difficult  to  simultaneously  achieve  large 
gradients  by  using  high  frequency  RF  and  design  an  arc 
with  a  sufficient  energy  acceptance.  The  current  state  of 
the  design  for  the  acceleration  stages  for  a  muon  collider 
will  be  presented,  with  emphasis  on  systems  accelerating 
to  70  GeV  per  beam.  Known  difficulties  will  be  described 
as  will  their  possible  solutions.  In  particular,  the  use  of  an 
FFAG-like  lattice  for  the  arcs  of  a  recirculating  linac  will 
be  described  which  accepts  a  beam  with  a  very  large  energy 
spread  over  a  wide  range  of  energies,  allowing  a  single  arc 
to  be  used  instead  of  multiple  arcs. 

1  INTRODUCTION 

This  paper  will  describe  the  design  issues  and  the  current 
status  of  the  acceleration  stages  for  a  first  muon  collider. 
In  particular,  it  will  focus  on  the  design  of  systems  to  ac¬ 
celerate  up  to  70  GeV.  While  future  machines  will  need  to 
go  to  much  higher  energies,  the  lower  energy  acceleration 
systems  will  be  necessary.  One  of  the  design  criteria  the  ac¬ 
celeration  systems  for  a  70  GeV  muon  collider  is  that  they 
could  be  reused  with  minimal  modifications  in  a  higher  en¬ 
ergy  collider.  Table  1  gives  some  of  the  parameters  needed 
for  the  design  of  the  acceleration  stages. 

1.1  Overall  Scheme 

We  could  conceivably  get  to  70  GeV  with  a  single  linac. 
However,  this  fails  to  take  advantage  of  the  fact  that  the 
muons  have  negligible  synchrotron  radiation  and  can  there¬ 
fore  follow  a  curved  trajectory.  Because  of  this,  an  accel¬ 
eration  system  can  be  created  where  the  muons  loop  back 
around  and  pass  through  the  same  linac  several  times,  po¬ 
tentially  achieving  significant  cost  savings.  In  doing  this, 
one  must  take  into  account  the  additional  decay  losses 
when  the  muons  are  not  being  accelerated.  This  essen¬ 
tially  eliminates  the  possibility  of  using  ramped  magnets  in 


Table  1 :  Relevant  parameters.  Numbers  are  given  for  a  low 
energy  spread  “Higgs  factory”  scenario  and  for  a  high  en¬ 
ergy  machine.  N  is  the  number  of  particles  per  bunch  (af¬ 
ter  acceleration),  iVbunch  is  the  number  of  bunches  of  each 
charge,  ecm  is  the  6-D  normalized  emittance  (after  acceler¬ 
ation),  en  is  the  transverse  normalized  emittance  (after  ac¬ 
celeration),  and  pi„  is  the  momentum  of  the  muons  entering 
the  acceleration  systems. 


Higgs  High  E 

N 

4  x  1012  2  x  10i2 

Abrnich 

2  4 

e6m  (tthi)3 

170  x  10"12 

£n.  rrm 

290  x  10~6  50  x  10~6 

Pin,  MeV/c 

186 

a  synchrotron-like  configuration  at  the  lower  energies  (the 
magnets  would  need  to  be  ramped  too  quickly,  or  too  much 
circumference  of  the  ring  would  be  wasted  in  arc). 

The  acceleration  systems  will  be  divided  into  several 
stages.  As  the  beam  energy  increases,  the  (unnormalized) 
emittance  decreases,  allowing  the  use  of  higher  frequency 
(and  therefore  higher  gradient)  RF  and  allowing  the  arcs  to 
have  a  smaller  energy  acceptance.  However,  the  required 
bending  radius  for  the  arcs  increases  with  increasing  en¬ 
ergy.  Thus,  different  types  of  acceleration  systems  will  be 
used  for  different  energy  ranges,  and  different  stages  of  a 
given  type  of  acceleration  system  may  be  used  in  sequence 
(for  instance,  increasing  the  arc  bending  radius  and  increas¬ 
ing  the  RF  frequency  from  one  energy  range  to  the  next). 

1.2  Expected  RF  parameters 

We’re  assuming  the  following  relationships  for  the  param¬ 
eters  of  the  r.f.  cavities: 

rs  =  25  Mfi/nV//800  MHz,  Q  =  30000-^800  MHz//, 
and  Umax  =  30  MV/m  y/f/ 800  MHz;  here  rs  is  the  shunt 
impedance  per  unit  length,  Umax  is  the  maximum  peak  gra¬ 
dient,  and  /  is  the  frequency.  These  are  parameters  which 
we  expect  to  be  reasonably  achievable  before  the  time  that 
a  muon  collider  is  built. 

2  TYPES  OF  STAGES 

Various  types  of  systems  have  advantages  and  disadvan¬ 
tages  which  make  them  more  or  less  suitable  for  various 
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energy  ranges. 

2.1  Pure  Linac 

A  linac  has  the  advantage  that  it  has  no  arcs,  and  therefore 
does  not  have  the  energy  acceptance  issues  associated  with 
arcs.  There  is  still  an  energy  acceptance  associated  with  the 
height  of  the  bucket,  however.  One  disadvantage  is  that  the 
particles  make  only  one  pass  through  such  a  system. 

A  linac  is  probably  optimal  for  the  lowest  energies  (up 
to  1  GeV,  for  example):  it  does  not  need  to  be  particularly 
long,  and  the  larger  longitudinal  emittance  at  the  lowest 
energies  is  more  readily  accommodated  by  a  linac. 

In  reality,  several  linacs  would  be  required,  since  the  re¬ 
quirements  that  the  beam  be  matched  longitudinally  and  fit 
inside  the  RF  bucket  require  different  frequencies  at  differ¬ 
ent  energy  ranges  to  achieve  the  optimal  acceleration  gra¬ 
dients  (which  is  very  important  at  these  low  energies  due  to 
the  shorter  muon  lifetime).  The  following  would  be  close 
to  the  optimal  scheme  to  accelerate  to  1  GeV: 


Energy  range 

Frequency 

Length 

186-300  Me  V/c 

50  MHz 

20  m 

300-600  MeV/c 

100  MHz 

40  m 

600-1000  MeV/c 

200  MHz 

45  m 

The  matching  requirement  requires  that  one  runs  rather  far 
off  crest  (over  50°),  reducing  the  gradient,  and  it  should 
therefore  be  considered  whether  that  is  necessary  or  useful. 
Further  study  is  required  to  determine  whether  the  lowest 
frequencies  above  are  realistic. 

2.2  Multiple  Arc  Recirculating  Linac 

This  design  (used  in  CEBAF)  has  the  advantage  that  sev¬ 
eral  passes  are  made  through  the  linacs,  thereby  getting  a 
larger  amount  of  acceleration  from  a  given  length  of  linac 
and  amount  of  RF  power.  The  primary  difficulty  with  such 
a  system  is  related  to  the  larger  longitudinal  emittance  of 
the  beam.  Since  the  RF  frequency  needs  to  be  as  high  as 
possible  to  maximize  the  acceleration  gradient,  this  leads 
to  a  relatively  large  energy  spread  in  the  beam.  This  energy 
spread,  at  least  at  lower  energies,  is  often  so  large  that  ±3cr 
of  the  beam  will  not  pass  through  a  traditionally  designed 
arc.  In  addition,  the  energy  spread  in  the  beam  is  too  large 
to  have  passive  switching  into  the  appropriate  arc,  and  so 
very  fast  kickers  are  required,  which  additionally  must  have 
larger  strengths  and  transverse  apertures. 

One  solution  to  avoid  the  cost  of  individual  magnets  for 
each  arc  is  to  have  a  single  magnet  with  multiple  bores  that 
the  beam  can  pass  through,  depending  on  the  energy.  The 
disadvantage  of  this  is  that  one  may  lose  tum-by-tum  con¬ 
trol  of  the  path  length  and  other  parameters.  Superconduct¬ 
ing  magnets  with  as  many  as  18  apertures  with  fields  vary¬ 
ing  over  the  range  of  0.7  to  7.0  T  have  been  designed  [1], 


Figure  1 :  Comparable  dogbone  (above)  and  recirculating 
(below)  geometries.  Arcs  are  disproportionately  long. 

2.3  FFAG  Recirculating  Linac 

This  is  an  attempt  to  address  the  issue  of  the  energy  accep¬ 
tance  of  the  arcs  by  making  a  single  arc  with  an  enormous 
energy  acceptance;  we  have  looked  at  designs  for  the  4— 
16  GeV  range  and  the  16-70  GeV  range.  This  additionally 
can  avoid  the  need  for  kickers  to  switch  between  arcs,  as 
well  as  allowing  multiple  beamlines  and  therefore  multiple 
sets  of  magnets.  There  are  several  difficulties  with  such  a 
system,  however:  when  using  only  a  single  arc  for  all  ener¬ 
gies,  one  loses  the  ability  to  control  parameters  such  as  path 
length  on  a  turn-by-tum  basis,  as  well  as  the  local  momen¬ 
tum  compaction;  the  arc  design  becomes  much  more  com¬ 
plex;  matching  into  straight  sections  becomes  more  diffi¬ 
cult  and  can  be  done  perfectly  only  for  one  energy;  and  the 
magnets  are  large  and  require  high  fields. 

Two  types  of  FFAG  designs  are  being  considered:  a 
“scaling  FFAG,”  where  the  orbits  have  the  same  geometric 
shape  for  all  energies  [2];  and  a  non-scaling  variety  which 
is  generally  more  compact  than  the  scaling  FFAG. 

One  compromise  solution  may  be  to  use  a  FFAG-like 
lattice  to  increase  the  energy  acceptance  of  a  multiple-arc 
recirculator. 

2.4  Dogbone 

As  far  as  muon  decays  are  concerned,  any  time  in  an  arc 
is  bad.  In  an  racetrack  recirculating  linac  design,  the  dis¬ 
tance  between  the  two  linacs  is  determined  by  the  radius 
of  curvature  required  for  the  maximum  energy.  The  mini¬ 
mum  radius  of  curvature  for  lower  energies  is  significantly 
smaller  than  the  minimum  radius  at  the  maximum  energy, 
and  so  if  the  linacs  were  closer,  one  could  have  a  smaller 
distance  traveled  in  the  arcs.  One  solution  to  this  problem  is 
a  “dogbone”  scheme:  the  two  linacs  are  placed  in  line  with 
each  other  (instead  of  parallel),  the  beam  goes  through  the 
two  linacs,  turns  around,  and  enters  the  same  linac  that  it 
just  exited  (see  comparison  in  figure  1).  The  radius  of  cur¬ 
vature  for  the  arcs  can  be  as  small  as  possible  for  the  energy 
of  each  particular.  Thus,  there  is  a  substantial  reduction  in 
the  amount  of  time  spent  in  arcs  at  the  lower  energies.  Not 
only  will  this  reduce  the  muon  decays,  but  it  can  potentially 
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Energy  (GeV) 

Figure  2:  Path  length  as  a  function  of  energy  for  an  FFAG 
arc.  This  is  the  error  for  a  single  turn,  not  a  cumulative 
error;  changing  the  RF  frequency  only  changes  where  zero 
lies  in  this  graph. 

reduce  the  droop  in  RF  voltage  due  to  wall  losses,  giving 
slightly  higher  effective  gradients.  At  higher  energies,  the 
path  length  is  actually  slightly  longer  than  it  would  be  with 
an  racetrack  design,  but  it  is  the  low  energies  which  are 
critical  for  muon  decays  since  the  muon  lifetime  is  shorter 
for  lower  energies.  There  could  potentially  be  higher  costs, 
however,  since  each  arc  would  most  likely  require  its  own 
tunnel,  and  there  would  be  no  opportunity  to  use  multiple- 
bore  magnets. 

One  promising  use  for  the  dogbone  scheme  is  in  an  early 
stage  of  the  acceleration  scheme,  where  the  energies  are 
still  relatively  low.  The  dogbone  could  be  designed  so  that 
the  sequence  that  the  beam  sees  is  linac-arc-linac-arc-linac, 
eliminating  the  requirement  for  multiple  arcs  at  each  end 
(and  the  associated  kickers),  and  yet  using  the  same  linac 
for  three  passes.  This  is  currently  our  preferred  solution  for 
the  1-4  GeV  range;  it  would  require  a  single  1  GeV  linac  to 
accelerate  from  1  to  4  GeV.  Using  200  MHz  RF,  we  could 
hope  to  keep  such  a  linac  under  100  m  long. 

3  SPECIFIC  ISSUES 

3.1  Dynamic  RF  Control 

With  a  recirculating  system,  there  are  difficulties  in  syn¬ 
chronizing  the  beam  with  the  RF  from  one  turn  to  the  next. 
This  is  especially  important  for  the  FFAG  arcs,  since  the 
path  length  cannot  be  controlled  on  individual  turns,  and 
the  path  length  varies  substantially  with  energy  (see  figure 
2).  In  addition,  there  will  be  a  variation  in  the  beam  loading 
(and  therefore  the  output  energy  of  the  acceleration  stages) 
with  the  bunch  current,  which  will  not  be  known  a  priori  to 
high  accuracy.  To  correct  for  this,  some  kind  of  dynamic 
control  of  the  RF  systems  is  necessary,  which  may  require 
that  at  least  the  phase  of  the  RF  can  be  changed  (maybe 
substantially)  from  one  turn  to  the  next. 

There  are  three  potential  ways  to  do  this:  one  can  pump 
in  power,  one  can  use  ferrites  which  have  their  permit¬ 


tivity  changed  dynamically  (changing  the  RF  frequency), 
or  one  can  create  a  path  length  variation  using  fast  mag¬ 
nets.  Pumping  in  power  to  correct  phase  errors  like  those 
in  figure  2  could  potentially  double  the  peak  power  require¬ 
ments,  and  thus  is  an  undesirable  solution  (but  may  be  pos¬ 
sible  for  correcting  variations  from  beam  current  fluctua¬ 
tions).  Ramping  magnets  sufficiently  quickly  to  achieve 
substantial  path  length  variations  in  the  smaller  rings  (such 
as  a  300  m  long  4-16  GeV  FFAG)  is  probably  impossible. 
Thus,  using  ferrites  or  some  other  mechanism  to  dynam¬ 
ically  change  the  RF  frequency  is  an  attractive  solution. 
Whether  it  is  possible  to  do  this  with  these  types  of  RF 
systems  is  being  studied. 

3.2  Kickers 

For  injection  and  extraction,  as  well  as  for  switching  be¬ 
tween  arcs  in  any  of  the  multiple-arc  recirculation  schemes, 
we  require  kickers  which  are  both  fast  and  have  a  large 
transverse  acceptance. 

The  case  giving  the  most  stringent  requirements  for  a 
kicker  will  probably  be  a  recirculating  linac  or  FFAG  in 
the  4-16  GeV  range:  the  circumference  is  the  smallest  of 
all  the  recirculating-type  machines  (around  300-400  m), 
and  the  beam  emittance  will  be  at  its  largest  (amongst  the 
recirculating  machines).  Taking  a  /3-function  of  50  m,  and 
a  ring  circumference  of  300  m,  the  requirements  for  such  a 
kicker  at  4  GeV  would  be  approximately 


Aperture  (full  width)  12  cm 

Kick  strength  43  mT/m 

Rise  time  (full)  500  ns 

Repetition  time  60  ms 


From  table  1  in  [3],  these  appear  to  be  reasonably  achiev¬ 
able  requirements  (that  table  gives  significantly  longer  rep¬ 
etition  times,  but  there  is  no  reason  to  believe  that  those 
designs  could  not  be  run  at  higher  repetition  rates).  Up  to  a 
point,  the  /3-function  can  be  reduced  to  reduce  the  required 
aperture  at  the  cost  of  increasing  the  required  kick  strength. 
The  required  rise  time  increases  to  1000  ns  if  the  kickers 
are  only  required  for  injection  and  extraction. 

3.3  Other  Effects 

There  are  other  effects  which  have  not  been  discussed  here; 
amongst  them  are  HOM  wakefield  effects,  the  effect  of 
having  two  beams,  and  magnet  technology  necessary  for 
the  arcs  (particularly  the  FFAG’s). 
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Abstract 

An  important  factor  in  the  successful  operation  of  the  An¬ 
tiproton  Recycler  Project  at  Fermilab  is  the  rate  at  which 
intrabeam  scattering  heats  the  stored  beam  in  each  plane. 
This  machine  will  operate  below  transition  energy.  An  ap¬ 
plication  of  classical  intrabeam  scattering  theory  for  such 
a  machine  indicates  that  transverse  or  longitudinal  cool¬ 
ing  might  occur,  rather  than  heating,  under  certain  condi¬ 
tions.  However,  this  effect  has  not  been  studied  experi¬ 
mentally.  Hence,  we  have  undertaken  a  study  of  the  heat¬ 
ing/cooling  rates  below  transition  in  a  coasting  antiproton 
beam  in  the  Fermilab  Accumulator  Ring,  in  an  attempt  to 
verify  the  theoretical  models  in  this  regime.  This  storage 
ring  employs  a  variety  of  stochastic  cooling  systems  which 
can  be  used  to  alter  the  ratio  of  emittances  in  each  plane 
as  the  initial  conditions  for  our  experiment.  We  have  used 
both  a  conventional  ffee-expansion  technique  as  well  as 
a  longitudinal-echo-decay-rates  technique  to  determine  the 
scattering  rates.  In  this  paper,  we  present  a  preliminary 
analysis  of  our  data  and  its  comparison  with  various  intra¬ 
beam  scattering  models  below  transition. 

1  INTRODUCTION 

It  is  a  well-known  theoretical  result  that  inter-particle  colli¬ 
sions  cause  an  exchange  of  energy  from  the  directed  motion 
of  relativistic  beam  above  transition  into  thermal  energy  in 
all  three  planes  of  motion.  [1],  [2]  A  body  of  experimen¬ 
tal  results  [3]  has  confirmed  the  general  character  of  this 
model.  It  is  also  expected  that  below  the  transition  energy, 
the  behavior  of  the  beam  particles  approaches  that  of  a  nor¬ 
mal  gas.  Namely  each  degree  of  freedom  exchanges  energy 
with  another  according  to  its  relative  temperature.  In  partic¬ 
ular,  it  is  possible  to  expect  cooling  of  the  horizontal  plane 
below  transition,  as  the  longitudinal  plane  in  typical  situa¬ 
tions  is  initially  colder  than  either  of  the  transverse  planes. 
This  behavior  has  not  yet  been  observed  in  a  high-energy 
storage  ring. 

In  the  Fermilab  Recycler,  a  stored  beam  of  antiprotons 
will  exist  below  the  transition  energy  of  that  device,  and  it 
is  important  to  understand  the  effects  that  intrabeam  scat¬ 
tering  will  have  on  emittance  growth,  as  this  fixes  the  re¬ 
quirement  for  cooling  of  the  stored  beam.  To  elucidate  this 
issue,  we  have  carried  out  a  series  of  experiments  in  the  Fer¬ 
milab  Antiproton  Accumulator  below  transition,  and  com- 
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pared  the  results  with  the  existing  models.  In  this  paper  we 
discuss  both  the  experimental  results  and  the  comparison 
with  theory. 


2  EXPERIMENTAL  RESULTS 

The  approach  taken  in  this  work  was  to  study  the  free  ex¬ 
pansion  of  the  stored  beam  beginning  from  a  variety  of  ini¬ 
tial  conditions,  facilitated  by  the  flexible  stochastic  cool¬ 
ing  system  on  the  Accumulator.  In  addition,  longitudi¬ 
nal  echoes  [4]  were  used  to  provide  a  second  measurement 
of  the  longitudinal  diffusion.  Both  methods  are  expected 
to  be  valid  over  a  range  of  scattering  times,  but  the  echo 
method  is  in  principle  valid  to  much  longer  decay  times 
than  where  free  expansion  measurements  can  readily  yield 
useful  results.  For  these  experiments,  a  suitable  lattice  for 
below-transition  operation  was  prepared,  along  with  pro¬ 
cedures  for  decelerating  the  stored  beam.  The  lattice  used 
had  a  transition  gamma  of  5.42,  and  the  beam  was  suc¬ 
cessfully  decelerated  to  a  gamma  of  4.86.  Beam  losses 
during  deceleration  prevented  operation  at  lower  energies. 
While  this  energy  is  not  sufficiently  far  below  transition 
to  clearly  demonstrate  transverse  cooling,  it  extends  into  a 
new  regime  of  the  scattering  models  that  has  not  received 
detailed  study,  and  will  help  confirm  the  applicability  of  the 
scattering  models  below  transition. 

The  measurement  technique  consisted  of  observing  the 
free  expansion  of  the  beam  with  all  cooling  systems  turned 
off,  starting  from  a  variety  of  initial  conditions  which 
spanned  the  achievable  transverse  and  longitudinal  emit¬ 
tance  spaces.  Emittances  were  monitored  continuously  by 
measuring  the  spectral  width  of  the  longitudinal  Schottky 
noise  or  by  a  similar  measurement  of  the  transverse  fluctua¬ 
tions.  Since  the  translation  of  this  data  into  emittance  values 
requires  detailed  knowledge  of  the  twiss  parameters,  some 
systematic  error  is  expected  to  be  introduced  in  this  step, 
as  these  parameters  were  not  directly  measured  in  these  ex¬ 
periments.  Longitudinal  echoes  were  also  used  as  a  sec¬ 
ond  check  of  the  longitudinal  diffusion  rates,  especially  be¬ 
cause  the  accuracy  of  the  echo  measurement  extended  to 
the  ultra-weak  diffusion  regime  (<  0.1/irs-1)  where  free 
expansion  measurements  are  limited  by  measurement  error. 
Echo  measurements  were  carried  out  at  the  beginning  and 
end  of  each  free  expansion  measurement  to  aid  in  corrobo¬ 
ration  of  the  two  methods.  Typical  expansion  data  is  shown 
in  Fig.  1.  Typical  echo  decay  data  is  shown  in  Fig.  2. 
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Longitudinal  Echo  Decay 


Pbarl  10mA,  p«  4.467  GeV/c,  Free  Expansion 


Figure  1 :  Free  expansion  measurements.  All  cooling  sys¬ 
tems  are  switched  off  for  these  measurements.  The  growth 
time  is  found  by  fitting  a  low-order  polynomial  to  the  emit- 
tance  evolution  with  time. 

2.1  Comparison  with  Theory 

The  theoretical  predictions  are  based  on  the  complete  in¬ 
trabeam  scattering  theory  [2]  as  applied  to  the  full  lattice 
model  of  the  Accumulator  below  transition.  The  calcula¬ 
tion  of  the  growth  times  depends  on  detailed  knowledge  of 
the  twiss  parameters  of  the  machine,  which  were  not  di¬ 
rectly  measured  for  these  experiments,  but  were  calculated 
using  the  MAD  code.  The  results  of  this  calculation  for 
these  experiments  are  shown  in  Fig.  3,  and  are  subject  to  an 
estimated  30%  systematic  error.  This  corresponds  to  a  sim¬ 
ilar  error  in  the  calculated  growth  times.  In  addition,  mea¬ 
surements  of  the  beam  emittances  were  subject  to  a  system¬ 
atic  error  estimated  at  20%.  While  this  leaves  considerable 
lattitude  in  comparing  the  theory  with  the  experiment,  the 
systematic  character  of  the  error  does  permit  a  comparison 
of  the  scaling  of  the  scattering  rates. 

For  the  lattice  shown  in  Fig.  3  ,  the  growth  rates  eval¬ 
uated  locally  for  an  uncoupled  lattice  are  shown  in  Fig.  4. 
The  comparison  of  the  experimental  data  with  the  theory  for 
growth  in  the  longitudinal  plane  is  shown  in  Fig.  5.  We 
find  an  overall  favorable  agreement  in  the  scaling  over  a 
factor  of  one  hundred  in  the  growth  rate,  although  adjust- 


Figure  2:  Longitudinal  echo  decay  measurements.  All 
cooling  systems  are  switched  off  for  these  measurements. 
The  growth  time  is  found  by  fitting  a  two-parameter  model 
(solid  line)  to  the  measured  decay  envelope  (points)  which 
yields  both  the  amplitude  and  the  inverse  scattering  time. 


Accumulator  Lattice  below  Transition 


Twiss  Functions 


Ring  Position  (m) 

Figure  3:  Below  transition  lattice  as  calculated  by  MAD. 
Similar  functions  are  found  for  the  vertical  plane. 


ments  in  both  the  transverse  and  longtiudinal  emittances  did 
have  to  be  made  to  achieve  this  agreement,  as  noted.  Since 
the  vertical  growth  for  an  uncoupled  machine  is  negligi¬ 
bly  small,  the  observed  equal  growth  rates  in  each  plane 
suggest  strong  coupling.  [5]  While  the  source  of  coupling 
in  the  machine  was  not  measured,  and  hence  could  not  be 
calculated,  the  observed  equal  growth  rates  in  the  vertical 
and  horizontal  planes  suggests  100%  coupling  existed.  As 
such,  a  useful  approach  is  then  to  average  the  emittances 
in  the  two  planes  for  calculating  the  growth  rates.  Hence, 
the  transverse  emittances  were  assumed  to  be  equal,  and  re- 
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duced  from  the  calculated  values  by  30%.  The  longitudinal 
emattance  was  reduced  by  25%.  Both  of  these  assumptions 
are  considered  consistent  with  the  expected  accuracy  of  the 
calculated  twiss  functions.  We  note  that  there  is  excellent 
agreement  between  the  free  expansion  data  and  the  echoes 
where  the  data  overlaps.  Moreover,  the  echo  data  extends 
far  into  the  weak  diffusion  regime  (<  0.1/irs-1). 


Intrabeam  Scattering  Rates 


Figure  4:  Intrabeam  scattering  rates  evaluated  locally 
around  the  ring  for  a  specific  set  of  measured  emittances. 


Intrabeam  Scattering  below  Transition 


Longitudinal  Rates 


Figure  5:  Comparison  of  the  theory  to  experiment  for  longi¬ 
tudinal  scattering  rates.  The  dashed  lines  represents  agree¬ 
ment. 

The  corresponding  transverse  data  is  shown  in  Fig.  6  as 
derived  from  free  expansion  data.  Here  the  correspondence 
to  the  theory  is  less  satisfactory,  however  there  are  expected 
uncertainties  of  the  twiss  functions  and  transverse  emit¬ 
tances,  in  addition  to  measurement  errors  at  long  growth 
times.  As  such,  the  overall  scaling  can  be  viewed  as  roughly 


consistent  with  the  theoretical  model. 


Intrabeam  Scattering  below  Transition 


Figure  6:  Comparison  of  the  theory  to  experiment  for  trans¬ 
verse  scattering  rates. 


2.2  Discussion 

We  find  very  good  agreement  between  the  experimental  in¬ 
trabeam  scattering  data  and  the  models  provided  the  fol¬ 
lowing  adjustments  are  made.  First,  the  transverse  emit¬ 
tances  are  reduced  by  30%  to  accomodate  a  systematic  un¬ 
certainty  in  the  emittance  measurements.  Second,  coupling 
was  invoked  to  explain  the  observed  heating  of  the  vertical 
plane,  as  noted  above.  Finally,  a  20%  reduction  of  the  lon¬ 
gitudinal  emittance  was  assumed.  Since,  neither  coupling 
nor  emittance  measurements  were  verified  by  an  alterna¬ 
tive  method,  we  have  no  way  of  directly  corroborating  these 
assumptions.  However,  once  correction  factors  are  deter¬ 
mined  and  applied  to  the  data,  the  observed  agreement  of 
the  scaling  between  theory  and  experiment  suggests  that  the 
model  is  likely  correct.  We  conclude  that  the  existing  scat¬ 
tering  models  are  at  least  consistent  with  the  experimental 
data  in  the  regime  around  and  below  transition. 
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Abstract 

At  KERB,  a  pair  of  superconducting  magnets  is 
installed  symmetrically  with  respect  to  the  Tsukuba 
Interaction  Region  (IR)  in  order  to  focus  and  steer  the 
beams.  Two  quadrupole  magnets  (QCS)  are  being  prepared 
to  focus  the  beams,  two  solenoid  coils  are  to  shield  the 
magnetic  field  of  the  solenoid  coil  of  the  detector,  and  6 
correction  coils  are  to  steer  the  beams.  These  magnets  are 
to  be  energized  by  high-stability  power  supplies  (P.S.s) 
to  maintain  a  long-term  magnetic  field.  This  paper 
discusses  the  details  concerning  the  P.S.s  and  their 
control. 

1  MAIN  P.S.  FOR  QCS  MAGNETS 

In  the  TRISTAN  main  ring,  4  pairs  of  superconducting 
quadruples  (QCS)  were  used  at  each  4  colliding  sections. 
The  4  P.S.  were  fabricated  [1],  At  KERB,  one  of  them 
was  improved  to  excite  new  QCS  magnets.  The  RERB 
QCS  magnets  are  compact  compared  to  the  TRISTAN 
QCS  magnets.  The  2  QCS  magnets  are  powered  in  series. 

The  QCS  P.S.  consists  of  a  main  P.S.  and  an 
auxiliary  P.S.  as  shown  in  Fig.l.  The  main  P.S.  has  a 
capability  of  3500  A  and  15  V.  This  P.S.  consists  of  a 
converter  and  a  quench-protection  circuit.  The  converter 
consists  of  12-pulse  phase-controlled  rectifies,  a  passive 
filter  and  an  active  filter.  A  thyristor  switch  has  prepared 
to  intercept  the  dc  current  in  the  case  of  any  quench 
trouble. 


Figure  1:  The  circuit  of  QCS  main  and  auxiliary  P.S.. 
1.1  Effect  for  New  Load 

The  inductance  of  the  load  becomes  36.4  mH  instead  of 
120  mH.  The  resistance  of  the  cable  remains  at  1.5  mQ. 


In  the  RERB  operation,  the  QCS  magnets  is  excited  to 
generate  the  field  gradient  of  21.3  T/m  at  a  current  of 
2830A.  We  can  therefore  use  the  TRISTAN  QCS  P.S. 
with  a  few  improvements. 

The  transfer-function  block  diagram  of  the  closed-loop 
control  in  the  P.S.  is  given  in  Fig.  2.  The  system  has 
two  closed  control  loops.  The  minor  auto-voltage 
regulation  (AVR)  loop  is  inside  the  auto-current 
regulation  (ACR)  loop.  The  simulations  show  that  the 
responses  become  slow.  However,  it  is  not  serious 
because  RERB  is  a  storage  ring  without  acceleration. 
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Figure  2:  The  transfer  function  block  diagram  of  QCS 
main  power  supply  is  shown.  The  elements  are  given  as 
follows: 
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1.2  Fast-Stop  and  Slow -Stop 

The  fast  stop  of  the  QCS  P.S.  is  triggered  from  one  of 
3  quench  detectors.  The  thyristor  switch  (MTH)  intercepts 
the  dc  current  within  1  ms,  and  the  energy  stored  in  the 
magnets  dissipates  in  stainless-steel  resistors  ( R\  and  R2  ) 
through  the  diodes  as  shown  Fig.l. 

In  KEKB,  the  inductance  ( L,  )  of  QCS  of  the  right 
side  is  16.2  mH,  and  Lj  of  the  left  side  is  20.2  mH.  In 
order  to  reduce  the  current  in  the  neutral  line,  we  changed 
resistor  1?,  based  on  the  condition  L\!  R\  =  1^1  R2.  The 
resistors  are  0.1  £2  and  0.125  Cl,  respectively. 

In  the  slow-stop  mode,  a  counter  IC  (which  connected 
to  the  DAC)  counts  down  by  1  bit  per  clock  pulse.  The 
current  decreases  at  a  rate  of  about  10  A/s. 

2  AUXILIARY  P.S.  FOR  QCS-R 

A  bipolar  40  A  auxiliary  P.S.  is  connected  to  the 
QCS-R  magnet.  Such  a  connection  produces  an  unbalance 
between  two  QCS  magnets  to  zero  with  the  required 
accuracy.  On  the  contrary,  it  has  the  possibility  to 
produce  an  imbalance  of  the  field  integrals  between  two 
magnets. 

The  circuit  of  the  auxiliary  P.S.  is  shown  in  Fig.l. 
The  output  terminals  of  the  auxiliary  P.S.  are  connected 
to  a  magnet  through  contactors.  The  relay  contactors  are 
used  to  change  the  polarity  on  the  magnet.  In  minus 
polarity,  the  plus  voltage  of  the  main  P.S.  imposes  the 
output  of  the  auxiliary  P.S..  To  avoid  this  situation,  a 
series  of  diodes  is  installed  in  line,  which  produces  an 
offset  voltage  of  7  V. 

3  P.S.  FOR  SOLENOID  COIL 

The  detector  BELLE  at  IR  has  a  solenoid  field  with 
1.5T  to  distinguish  the  particle  track.  The  solenoid  field 
couples  the  horizontal  and  vertical  betatron  oscillations  of 
the  beam.  This  makes  a  ring  less  dynamically  stable  and 
lowers  the  peak  luminosity.  The  simplest  compensation 
is  to  place  two  half-solenoids  at  each  side  of  the  IR.  The 
solenoids  produce  an  axial  magnetic  ( Bz )  field  opposite 
to  the  detector  solenoid. 

Superconducting  solenoid  coils  are  installed  before  the 
first  quadrupole  QCS.  The  inductance  of  the  right-side 
solenoid  is  1.44  H  and  that  of  the  left  side  is  0.9  H.  Since 
the  resistances  of  the  cabling  from  the  P.S.  to  the  magnet 
are  8.3  mCl  and  11  mil,  the  time  constants  are  173  s  and 
82  s,  respectively. 

3.1  Switching  Power  Supply 

In  KEKB,  many  switching  P.S.s  are  installed.  We 
adopted  the  switching  type  for  the  superconducting  coils. 
The  ratings  of  the  solenoid  P.S.  are  650  A  and  30  V.  In 
the  P.S.,  the  three-phase  input  (AC  420V)  is  rectified  and 
filtered  to  provide  an  unregulated  dc  voltage  (DC  600V). 
The  unregulated  dc  is  converted  into  high-frequency  square 
waves  by  the  IGBTs.  The  square  waves  through  the  high- 
frequency  transformers  are  rectified.  The  output  voltage  of 
the  converter  is  controlled  by  the  PWM  (pulse  width 


modulator)  circuit.  Power  FETs  so  as  to  control  the 
output  current  precisely  is  used.  The  current  regulator 
obtains  its  feedback  signal  from  a  high-precision  DCCT 
(DANFYSIK  8641  DCCT).  This  type  DCCT  is  compact 
and  cheap  compared  to  the  4-core-type  DCCT  used  in 
TRISTAN  [2],  The  output  current  must  be  compared 
with  a  current  reference.  The  reference  source  is  a  16-bit 
DAC  on  its  9.5  V  dc  scale.  The  error  signal  is  sent  to  the 
FET  bank. 

3.2  Fast-Stop 

DCCBs  (Direct  Current  Circuit  Breaker)  are  adopted  to 
intercepts  the  dc  current.  The  response  speed  is  about  30 
ms,  which  is  much  slower  than  the  thyristor  switch 
because  of  opening  the  mechanical  contactors.  The 
operation  is  limited  to  500  times.  However,  the  cost  is 
very  cheap  compared  to  that  of  the  thyristor  switch.  A 
damping  resistor  of  0.71  Cl  is  connected  to  the  terminals 
through  a  diode. 

At  the  initial  cool-down  testing  of  solenoid  coils,  the 
current  was  limited  by  quenching  at  about  210  A.  Fig. 3 
shows  the  output  voltage  and  current  of  the  ESR  P.S.. 
The  current  ramps  from  200  A  at  the  speed  of  1  A/s. 
Around  210  A,  the  voltage  suddenly  increases.  DCCB 
intercepts  the  dc  current,  the  minus  voltage  of  150V  is 
produced,  and  the  current  decays  at  the  time  constant  of  2 
sec..  Afterward,  the  quench  origin  was  revealed,  and 
expeditious  remedial  measures  were  taken.  At  the  second 
cool-down  test,  no  quenching  occurred  for  currents  up  to 
1 10  %  of  the  design  values. 

Interference  effects  between  these  solenoids  and  the 
detector  solenoid  were  measured  by  the  pseudo-quench 
tests.  The  peak  voltages  on  the  output  terminals  of  the 
each  P.S.  when  the  quench  of  the  detector  solenoid 
occurred  were  7V  and  4.5V,  respectively. 


Figure  3:  The  fast-stop  operation  of  solenoid  ESR 
power  supply  is  shown  . 
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3.3  Slow- Stop 

In  the  slow  stop,  the  gate  pulses  to  fire  IGBTs  are 
blocked  and  the  source  voltage  of  the  converter  is 
vanished.  The  current  through  the  magnet  naturally 
decays.  The  current  decreases  of  the  ESR  P.S.  and  ESL 
P.S.  are  shown  in  Fig.4,  respectively.  The  decreases  are 
faster  than  the  exponential  decays  of  the  time  constant  of 
the  load  by  the  nonlinear  resistances  such  as  FETs  and 
diodes  in  the  P.S.. 


Figure  4:  The  slow-stop  operations  of  solenoid  power 
supplies  are  shown. 

4  P.S.  FOR  CORRECTION  COIL 

Correction  coils  (a  skew  quadrupole,  an  H-dipole  and  a 
V-dipole)  are  housed  in  each  of  the  QCS  cryostats.  These 
6  coils  are  excited  by  6  bipolar  P.S.s.  The  inductance  of 
the  skew  is  23  mH,  and  that  of  the  steering  is  45  mH. 
The  rating  of  the  P.S.  is  +50  A  and  +20  V.  The  field 
strength  of  the  steering  coil  is  about  0.05  T  and  the 
gradient  of  the  skew  quadrupole  is  about  0.4  T/m. 

The  terminals  of  the  DC  output  of  a  P.S.  are  connected 
to  the  magnet  though  relay  contactors.  The  relay 
contactors  are  used  to  change  the  polarity.  An  energy¬ 
damping  circuit  and  DCCB  is  installed  between  the  relay 
contactors  and  the  magnet. 

The  current  is  monitored  using  two  DCCTs.  One  is  for 
current  stabilization  control  and  the  other  for  the  monitor 
of  the  damping  current. 

5  CONTROL  SYSTEM 

These  P.S.s  are  operated  by  computers  via  VME- 
ARCNET.  They  are  also  operating  under  a  safety  system. 
Each  P.S.  has  a  fast-stop  mode  and  a  slow-stop  mode. 


5.1  Current  Setting 

The  exciting  current  is  remotely  set  by  computers 
through  the  VME-ARCNET.  The  VME-ARCNET  is 
adopted  in  stead  of  the  CAMAC  in  TRISTAN.  The 
interface  board  in  each  P.S.  receives  current  setting 
signals  from  an  Input/Output  Controller  (IOC)  in  a  VME 
crate  and  send  fault-signals  to  the  IOC.  The 
communication  between  IOC  and  interface  board  employs 
ARCNET.  The  VME  is  connected  to  the  KEKB  computer 
system.  The  system  has  utilized  EPICS  (Experimental 
Physics  and  Industrial  Control  System). 

The  interface  board  sends  16-bit  digital  signals  to  a 
DAC  (Digital  to  Analog  converter)  in  the  P.S..  The 
output  of  the  DAC  is  used  as  a  current  reference. 

5.2  Fast-Stop  Interlock 

When  a  quench  in  a  magnet  occurs,  the  exciting  current 
must  be  quickly  decayed.  The  quench  detection  is  based  on 
measurements  of  the  voltage  among  the  ends  and  center 
tap  of  the  coil.  If  a  quench  occurs,  a  differential  voltage 
appears,  and  the  quench  is  detected.  As  soon  as  the 
detector  sends  a  trigger  signal  to  the  P.S.,  it  must  be 
quickly  stopped.  The  typical  quench  threshold  is  set  at  IV 
for  10  ms  or  more. 

5.3  Slow -Stop  Interlock 

In  some  cases,  the  current  must  be  decreased  slowly 
based  on  the  judgment  of  the  cryogenic  computer  or  the 
operators.  The  EX 1000  computer  which  controls  the 
cryogenic  system  can  command  the  P.S.s  to  stop  either 
quickly  or  slowly.  In  a  different  way,  the  P.S.s  can  be 
stopped  slowly  by  pressing  stop-buttons  for  rotary 
warning  lights  . 

6  CONCLUSIONS 

The  power  supply  system  for  superconducting  magnets 
at  KEKB  were  designed  and  fabricated  [3].  Since  the 
KEKB  commissioning  of  December  of  1998,  the 
superconducting  magnet  power  supply  system  is  under 
operation. 
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Abstract 

Helical  magnets  are  required  in  RHIC  to  control  proton 
spin  in  a  program  for  polarized  proton  colliding  beam 
experiments.  The  basic  construction  unit  is  a 
superconducting  magnet  producing  a  four  tesla  dipole 
field  that  rotates  through  360  degrees  in  a  length  of  2.4 
meters.  These  magnets  are  assembled  in  groups  of  four  to 
build  four  Snakes  to  control  spin  in  the  lattice  and  eight 
Rotators  to  orient  spin  at  two  collision  points.  A 
collaboration  with  the  Japanese  institute  RIKEN  is 
providing  financial  support  to  carry  out  the  program. 
After  a  successful  R&D  program  to  validate  the  design, 
the  magnets  are  in  the  construction  phase.  The  design  of 
the  magnets  will  be  reviewed,  the  construction  approach 
will  be  described,  and  test  results  from  the  first  completed 
units  will  be  presented. 

1  INTRODUCTION 

Previous  papers  [1-5]  have  described  the  parameters 
needed  to  control  the  spin  of  protons  in  RHIC. 
Specifications  for  the  magnets  include  a  large  aperture 
(100  mm),  a  dipole  field  (4  T)  that  rotates  through  360°  in 
a  distance  of  2.4  m,  and  operation  at  modest  current 
(<500A).  By  the  standards  of  superconducting 
accelerator  magnets,  the  field  quality  requirements  are 
modest  (harmonics  <10 3  of  main  field).  The  error 
allowed  on  the  rotation  angle  is  two  degrees.  The 
complete  program  in  RHIC  requires  48  of  these  magnets. 
A  half-length  prototype  tested  in  1997  validated  the 
current  design  [1,4]  and  led  to  the  construction  program 
now  underway. 

2  DESIGN 

A  cross  section  drawing  of  the  helical  magnet  is  shown  in 
Fig.  1.  The  coil  structure  consists  of  aluminum  tubes  with 
slots  that  are  filled  with  Kapton-insulated 
superconducting  cable  (called  windings).  The  tubes  are 
surrounded  by  a  yoke  made  of  single  piece,  low-carbon 
steel  laminations.  Holes  near  the  outer  perimeter  of  the 
yoke  allow  for  tie  rods,  warm-up  heaters,  passage  of 
helium  coolant,  and  bus  work  for  magnet 
interconnections.  The  slots  rotate  along  the  magnet 
length  but  the  holes  in  the  yoke  do  not;  these  were 
therefore  designed  with  rotational  symmetry  in  mind. 
Azimuthal  Lorentz  forces  are  contained  in  the  individual 
slots  and,  in  contrast  to  the  case  of  cos  8  dipole 
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Fig.  1:  Cross  section  of  the  helical  magnet.  The  yoke 
OD  is  14".  The  innermost  conductor  is  at  an  ID  of  100 
mm.  The  coil  tube  outer  diameters  are  4.945”,  6.425”. 

magnets  made  with  keystoned  cable,  do  not  build  up  on 
the  midplane  turns.  Along  the  length  of  the  magnet,  the 
outward  Lorentz  forces  are  ultimately  contained  by  the 
single  piece  yoke.  In  the  ends  [6],  the  difficult  Lorentz 
force  problem  is  again  solved  by  containing  the  forces  in 
the  individual  slots,  as  shown  in  Fig.  2.  This  figure  also 
shows  the  reliefs  machined  into  the  tubes  for  the  leads. 


Fig.  2:  Drawing  of  the  coil  tube  ends.  End  Lorentz 
forces  are  contained  in  the  slots. 

3  COILS 

3.1  Coil  Mechanics 

The  aluminum  tubes  are  purchased  as  blanks  ready  for  the 
machining  of  the  slots.  Steps  in  their  manufacture  include 
extrusion,  annealing,  gun-drilling,  honing  (ID),  and 
machining  (OD).  The  most  critical  dimension  is  the  inner 
surface  of  the  outer  tube,  where  the  diameter  is  specified 
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±2  mils.  Straightness  over  the  full  length  is  specified  ±10 
mils.  Slots  are  machined  into  the  tubes  at  BNL  using  an 
IGES  file  generated  by  AutoCad  design  software.  The 
machining  operation  is  done  on  a  milling  machine  using  a 
0.5”  end  mill  to  cut  the  0.560”  wide  slot  in  successive 
passes,  each  pass  removing  a  depth  of  0.25”  material.  A 
finishing  end  mill  is  used  to  finish  the  sides  and  bottom  of 
the  slot.  All  dimensions  are  measured  relative  to  a 
keyway  or  pin  at  the  end  of  the  tube.  Errors  in  slot 
position  are  approximately  ±10  mils  or  less  along  the 
length  of  the  slot.  The  slot  length  can  be  off  by  up  to  20 
mils,  due  primarily  to  temperature  variations  and 
compressive  forces  during  the  machining  operation. 

Before  winding,  the  slots  are  lined  with  Kapton  for 
additional  electrical  insulation  of  the  conductor. 
Preformed  three  mil  strips  secured  with  two  mil  3M  Corp. 
465  adhesive  film  are  applied  along  the  length  of  the  slot. 
Fig.  3  is  a  drawing  of  the  slot  showing  this  insulation.  In 
the  ends,  the  slots  are  insulated  with  short  3/8”  wide,  one 
mil  thick,  50%  overlapped  strips  of  Kapton  backed  with 
silicone  adhesive.  This  is  labor  intensive  but  no  less 


Fig.  3:  Cross  section  of  a  slot.  It  is  0.560"  wide  and 
0.512"  deep.  Each  slot  has  108  turns  except  the  pole 
slots,  which  contain  96  turns.  All  slots  have  the  same 
dimensions,  which  aids  the  construction. 

costly  way  has  been  found  to  apply  insulation  free  of 
wrinkles  and  voids  in  that  region.  The  integrity  of  the 
insulation  is  checked  to  4  kV  by  passing  a  conductive 
piece  of  foam  along  the  full  length  of  each  slot.  Thin 
Nomex  barriers  are  used  as  necessary  to  prevent  damage 
to  the  conductor  or  to  the  Kapton  insulation. 

The  superconducting  cable  is  placed,  either  by  machine 
or  by  hand,  without  tension  into  the  slots  in  an  ordered 
array.  The  width  of  the  slot  is  such  that  12  turns  of  the 
cable  (each  0.045”  diameter  including  0.039”  cable, 
0.004”  Kapton  insulation  and  0.002”  adhesive  coating) 
have  on  average  about  one  mil  space  between  turns.  A 
layer  of  B-stage  fiberglass/epoxy  (either  Fiber-Resin 
Corp.  8600  or  Fravillig  Materials  Corp.  epoxy  phenolic) 
with  adhesive  film  (3M  465)  on  each  side  is  placed 
between  each  layer  (Fig.  3).  This  material  contains  -40% 
by  weight  of  epoxy. 

After  winding,  press  plates  of  0.125”  thick  G10 
fiberglass  are  applied  to  each  slot  and  secured  with  ring 
clamps.  These  plates  are  preformed  to  a  helical  shape  or 
to  the  end  shape  by  heating  and  forcing  into  an 


appropriate  shallow  slot.  A  wrap  of  Kevlar  29  (Denier 
1000,  20  lb  tension  or  720,  10  lb  tension)  is  applied  to  the 
tube  in  a  prescribed  pattern.  The  Kevlar  stretches  and 
applies  pressure  on  the  press  plates.  In  the  subsequent 
curing  operation,  the  stretch  in  the  Kevlar  allows  the  press 
plates  to  move  radially  inward  without  losing  all  tension, 
thereby  compressing  the  windings  and  removing  voids  in 
the  slots  as  the  epoxy  softens  and  fills  the  remaining 
spaces.  Thus,  after  curing,  the  cable  is  held  in  a  strong 
matrix  of  fiberglass  and  resin  that  can  later  withstand  the 
Lorentz  forces  that  would  cause  motion  and  quenching. 
Helium  is  still  able  to  penetrate  this  package  and  fill  the 
-10%  free  space  inside  the  Kapton  wrap  and  around  the 
wires  of  the  cable. 

As  the  cable  is  pressed  radially  inward  during  curing, 
it  expands  axially  because  of  the  helix  and,  in  the  ends, 
because  of  the  curvature  of  the  cylinder.  To 
accommodate  this  growth,  additional  axial  space  (0.030”) 
is  allowed  in  the  slot  ends.  The  windings  are  observed  to 
sometimes  fill  this  space  but  not  to  do  so  consistently.  If 
they  do  not,  the  growth  is  absorbed  along  the  length  of 
the  winding.  In  all  cases,  any  spaces  left  in  the  ends  after 
the  curing  operation  are  filled  with  Emerson  & 
Cummings  Corp.  Stycast  2850FT  epoxy  while  the 
structure  is  being  gently  vibrated  to  ensure  that  all  voids 
are  filled.  Cut-outs  in  the  press  plates  provide  access  to 
the  windings  for  this  filling  operation. 

After  curing  to  the  prescribed  recipe,  the  Kevlar  is 
removed  to  allow  access  for  the  aforementioned  filling 
and  the  dressing  and  securing  of  leads  (using  Stycast 
2850MT  epoxy).  The  tube  is  then  wrapped  with  a  layer 
of  fiberglass  cloth  to  cushion  sharp  edges  that  might 
damage  the  final  Kevlar  wrap.  A  new  wrap  of  Kevlar  29 
Denier  1000  is  applied  with  10  lb  tension  and  a  pitch  of 
0.036”.  A  layer  of  Tedlar  is  wrapped  over  the  Kevlar  to 
prevent  epoxy  of  the  final  wet-wrap  of  fiberglass  and 
epoxy  from  penetrating  into  the  Kevlar.  This  is  done  to 
prevent  cracking  of  epoxy  bonds  due  to  stress  from 
differential  thermal  coefficients  upon  cooldown  to 
cryogenic  temperature.  Multiple  layers  of  fiberglass  cloth 
and  Shell  815V40  epoxy  are  applied  to  build  a  radial 
thickness  sufficient  to  avoid  hollows  when  the  tube  is 
subsequently  machined  to  its  finished  diameter.  The  tube 
is  continuously  rotated  while  this  epoxy  cures. 

3.2  Slot  Wiring 

A  machine  has  been  built  to  place  the  insulated  cable  into 
the  slots  under  computer  control.  The  computer  follows 
the  same  slot  description  used  by  the  milling  machine  that 
cut  the  slots.  The  stylus  of  the  machine  guides  the  cable 
into  its  proper  position  and,  using  ultrasonic  energy,  melts 
the  adhesive  coating  on  the  cable  sufficiently  to  fasten  it 
to  the  substrate.  After  each  layer  is  wound,  the  machine 
pauses  while  the  operator  places  the  next  layer  of 
substrate.  The  machine  has  been  used  to  wind  a  number 
of  slots  but,  because  of  materials  problems  and  error 
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accumulation  in  slot  position,  is  not  yet  ready  for  routine 
production.  In  the  meantime,  the  slots  are  being  wound 
manually.  The  wiring  is  checked  by  applying  high 
voltage  (1  kV)  and  by  measuring  resistance. 

4  MAGNET  ASSEMBLY 

The  two  coils  are  first  assembled  together,  then  aligned 
and  pinned  in  a  fixture  using  machined  features  on  the 
tube  ends.  This  assembly  is  then  oriented  vertically  and 
bolted  to  a  plate  that  also  serves  as  the  primary  alignment 
reference  in  the  magnet.  Still  in  a  vertical  orientation, 
stacks  of  yoke  laminations  several  inches  high  are 
lowered  around  the  coils  with  tooling  designed  to  hold  the 
laminations  level  so  as  to  avoid  binding.  Typical 
clearances  between  tubes  and  between  tube  and  yoke  are 
several  mils.  The  straightness  of  the  tubes  is  critical  for 
this  assembly,  and  the  use  of  aluminum  tubes  ensures 
freedom  from  stresses  that  might  distort  the  tubes  when 
slots  are  machined  into  their  walls.  After  the  pre-weighed 
number  of  laminations  is  installed,  stainless  steel  tie  bars 
are  inserted  through  four  of  the  yoke  holes  and  secured 
with  bolts  that  hold  the  lamination  stack.  The  yoke  length 
is  thus  controlled  by  the  machined  length  of  the  tie  bars. 
The  tie  bars  and  the  coils  are  held  on  a  plate  at  only  the 
lead  end  of  the  coils.  The  coils,  controlled  by  the 
aluminum  tubes,  are  therefore  free  to  contract  axially 
inside  the  yoke  upon  cooldown.  A  photograph  of  a 
completed  magnet  (the  first  production  unit)  is  shown  in 
Figure  4. 


Fig.  4:  Photograph  of  a  completed  production  magnet.  It 
is  2.4  m  long.  Electrical  connections  are  under  the  G10 
boards  seen  at  the  end  of  the  magnet. 

5  ELECTRICAL  CONNECTIONS 

Yoke  warmup  heaters  are  installed  through  four  of  the 
yoke  slots,  then  circuit  boards  are  fastened  to  the  lead  end 
of  the  magnet.  Each  of  the  individual  windings  is 
connected  in  a  series  connection  on  the  circuit  boards.  A 
50  mil  resistor  is  connected  across  each  of  the  windings 
to  avoid  damage  that  might  occur  from  energy  dissipation 
in  a  winding  when  the  magnet  quenches.  These  resistors 
are  made  of  five  folded  12.6”  lengths  of  16  gauge 
nichrome  wire  brazed  in  parallel  into  a  copper  block. 


Warm  field  measurements  are  made  before  the  resistors 
are  installed. 

The  room  temperature  resistance  of  a  winding  is 
typically  20  Q.  The  average  inductance  of  a  winding  is 
0.3  H.  The  large  inductance  of  the  windings  and  the  50 
mfi  parallel  resistance  leads  to  an  indeterminate  field  in 
the  magnet  when  it  is  ramped.  This  is  acceptable  because 
the  magnet  is  designed  to  be  operated  only  in  a  DC  mode 
or  with  very  slow  (<1  A/s)  ramp  rates.  Diodes  could  be 
used  in  series  with  the  resistors  if  faster  ramp  rates  were 
needed. 


6  TEST  RESULTS 

The  first  full-length  magnet  was  recently  completed  and 
tested  at  BNL.  Quench  results  at  4.35K  are  shown  in 
Fig.  5.  Although  some  training  was  necessary,  the 
magnet  eventually  reached  a  level  well  above  the 
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Fig.  5:  Quench  results  for  the  first  full  length 
production  magnet,  and  the  earlier  prototype  magnet. 

maximum  required  operating  current.  The  training  may 
indicate  that  the  windings  are  not  sufficiently  filled  with 
epoxy  in  this  first  production  unit.  The  test  results  for  the 
half-length  prototype  magnet  tested  in  1997,  where  no 
training  was  observed  after  several  early  lead-related 
quenches,  are  shown  for  comparison. 
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ROTATION  ANGLE  OF  A  HELICAL  DIPOLE 

T.  Tominaka*.  and  M.  Okamura,  RIKEN,  Japan 
T.  Katayama,  University  of  Tokyo  &  RIKEN,  Japan 


Abstract 

With  the  collaboration  between  Brookhaven  National  Lab. 
(BNL)  and  RIKEN,  the  helical  dipole  magnets  is  under 
construction  for  RHIC  spin  project!  1]  It  is  required  that 
the  deflection  of  beam  is  negligible  in  the  helical 
dipoles.[2]  The  relation  between  the  rotation  angle  in  the 
helical  dipole  and  the  cancellation  of  the  integral  of 
transverse  field  along  the  beam  axis  is  investigated.  [3-5] 
Then,  with  the  derived  optimization  method,  the  optimal 
length  of  the  full-length  helical  dipoles  is  obtained  from 
the  measured  field  of  the  half-length  prototype. 

1  A  DEFINITION  OF  THE  EFFECTIVE 
ROTATION  ANGLE  FOR  HELICAL 
DIPOLES 

As  a  natural  extension  of  the  effective  magnetic  length 
with  the  replacement  of  the  axial  coordinate  z  by  the  phase 
angle  (p  of  dipole,  the  effective  magnetic  rotation  angle 
Atp  can  be  defined  as  follows, 

A<p  =  -i- J  B\((p)d<p  =  -M  Bf<p{z))^dz  =  ^-L 
Bw  J  Bw  J  dz  dz 

,  (1) 

where  B,(<p)  is  the  amplitude  of  the  dipole  field  at  the 
angle  cp(z)  with  the  definition  of  <p(z=0)  =  0,  and  B10  = 
B,(tp=0)  =  B,(z=0)  is  the  amplitude  of  dipole  field  at  the 
center,  and  L  is  the  effective  magnetic  length. 

According  to  this  definition,  it  means  that  the  magnetic 
field  of  the  region  where  dtf/dz  =  0  does  not  contribute  to 
the  effective  magnetic  rotation  angle. 

2  RELATION  BETWEEN  THE 
ROTATION  ANGLE  AND  THE 
CANCELLATION  OF  THE  TRANSVERSE 
INTEGRATED  FIELD 

In  general,  the  cancellation  of  the  integral  of  the  field 
component  Ba  for  the  arbitrary  direction  with  the  angle  % 
for  the  y  axis,  can  be  expressed  as  follows, 

J Ba(z)dz  =  J B,(<p(z))cos(<p(z)  -  %)dz  =  0 

■  (2) 

Then,  it  can  be  verified  that  the  cancellation  of  the  integral 
of  Ba  for  the  arbitrary  direction  is  equivalent  to  those  for 
two  transverse  directions,  x  and  y  directions. 


J  Bl((p(z))cos(p(z)dz  =  J  By(z)dz  =  0 

< 

J  Bx{q>{z))sm(p{z)dz  =  -  f  Bx(z)dz  =  0 

(3) 

In  addition,  Bx(z)  can  be  defined  as  an  odd  function  from 
the  symmetry  for  the  magnet  center,  z=0,  where  the  dipole 
field  is  in  the  y-direction  with  By(z=0)  =  B10  and  Bx(z=0)  = 
0.  Therefore,  the  integral  of  the  x-directional  field  Bx  can 
be  always  chosen  to  be  zero  for  every  symmetric  helical 
dipole.  Then,  it  results  that  the  cancellation  of  the 
integral  of  the  y-directional  field  By  is  essential  for  that  of 
the  integrated  field  for  the  arbitrary  direction. 

2.1  Optimization  of  Rotation  Angle 

The  optimal  length  or  rotation  angle  of  helical  dipoles  can 
be  calculated  for  the  following  general  field  distribution, 

B\(z)  =  B,(z  =  0)  =  Bi0,  &  =  k,  0<z<ze 
*  dz 

Bi(z-ze)  =  Bw-b(z-z e),  <p  =  <p(z-ze),  ze<z<zf 

.  (4) 

where  the  function  of  z-ze,  b(z-ze)  describes  the  z 
dependence  of  the  normalized  dipole  field,  and  <p(z-ze)  also 
describes  the  phase  angle  of  dipole  in  the  end  regions. 

The  following  equation  is  required  to  meet  the  condition 
of  the  zero  integrated  transverse  field, 

fl,o J*'  cos (kz)dz  +  J*'  "  Bt(z-ze) cos[<p(z  -  z„ )  +  kze ]rfz  =  0 

.  (5) 

Then,  the  optimal  half  length  ze  of  the  helical  body 
portion  can  be  calculated  numerically  from  the  following 
equation, 

J7  Z'b(z-ze) cos[<p(z  -  ze )  +  kze ]c?z  =  -  sm^z^ 

■  (6) 

For  the  various  cases,  the  optimal  rotation  angles  for  the 
cancellation  of  the  transverse  integrated  field  can  be 
calculated  with  the  deviation  from  2 n  for  the  general 
cases,  as  listed  in  Table  l.[5] 
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Table  1:  Optimal  rotation  angles  for  the  cancellation  of 
the  transverse  integrated  field  for  various  cases,  [ref.5] 


*)  k  :  constant  phase  rotating  rate  of  dipole  in  the  body 
**)  ke :  phase  rotating  rate  of  dipole  in  the  ends 


3  MEASURED  RESULTS  OF  THE  HALF- 
LENGTH  PROTOTYPE 

For  the  half-length  prototype,  the  z  dependence  of  the 
amplitude  B,(z)  and  the  phase  angle  cp(z)  of  the  dipole  field 
was  obtained  from  the  magnetic  field  measurement  with 
the  Hall  probe  at  1=105  A  and  220  A,  as  shown  in 
Fig.  1.  [6-8]  In  these  figures,  the  central  position  z  =  0  of 
the  magnet  is  defined  as  the  middle  point  for  the  magnetic 
length.  The  difference  of  the  magnetic  structures  in  both 
of  non-lead  (the  left  side  in  Fig.l)  and  lead  ends  is  not  so 
large. 

The  rotation  angles  calculated  from  Eq.(l)  for  the  helical 
body  and  end  potions  are  listed  in  Table  2.  In  Table  2, 
A<p  [body],  A(p  [non-1],  and  A<p  [lead]  mean  the  calculated 
rotation  angles  for  the  helical  body,  and  the  non-lead,  and 
lead  end  portion. 

In  addition,  due  to  the  thermal  contraction  of  helical 
dipole,  the  phase  rotating  rate  of  the  dipole  field  of  the 
helical  body  portion  (-  0.4  m  <  z  <  +  0.4  m),  k  =  d(f/dz 
deviated  from  the  design  value  at  room  temperature  of  150 
deg/m,  as  shown  in  #1  and  #2  of  Table  2.  The  measured 
results  are  almost  consistent  to  k  =  27t/{2.4  x  (1  - 
0.00415)}  =  150.6  (deg/m),  expected  from  the  thermal 
contraction  of  A1  coil  bobbin  of  0.415  %  from  the  room 
temperature  to  4.2  K. 

4  CALCULATION  FOR  A  HELICAL 
MAGNET  WITH  FULL  LENGTH 

On  the  assumption  of  the  symmetric  magnetic  structure 
with  identical  coil  ends  that  both  ends  have  the  same 
measured  field  distribution  of  the  lead  end  at  I  =  220  A, 
the  length  of  the  half  body  ze  was  numerically  optimized 
from  Eq.(6)  with  the  calculational  error  of  about  2  x  10'6 
Tm  for  the  integral  of  By,  obtaining  ze  =  1.000  m.  This 
means  that  the  helical  body  portion  of  the  prototype 
magnet  from  z  =  -  0.4  m  to  +  0.4  m,  should  be  elongated 
by  (1.000  -  0.4)  x  2  =  1.200  m  for  that  of  the  optimal 
fiill-length  magnet.  This  result  was  almost  equivalent  to 
other  optimization  calculations.[3,4] 

Furthermore,  the  non-symmetric  full-size  helical  dipole 
can  be  composed  from  this  optimal  helical  body  and  the 
different  ends,  as  #4  in  Table  1.  The  field  distribution  for 
B10  =  4.0  T  of  this  non-symmetric  full-length  helical 
dipole  are  shown  in  Figs.2-5. 


3.5 

e . a 

2.5 

J  \. 

V  v* 

i  'f 

t  2 

1  Y 

1  y. 

3  !-5 

1 

/ 

/• 

\ 

0.5 

A 

A 

\ 

/ 

-0.6  -0.4  -0.2  0  0.2  0.4  0.6  0.8 


z  (m) 


z  (m) 


Fig.  1:  The  amplitude  B,(z)  and  the  phase  <p(z)  of  dipole 
along  the  beam  axis  at  1=220  A  for  the  half-length 
prototype. 


Table  2:  Comparison  between  the  calculated  rotation 
angles  of  the  half-length  prototype  (#1  &  #2)  and  the 
optimized  full-length  helical  dipole  (#3  &  #4) 


A<p  A(p  A<p 

[non-1]  Dead]  [total] 


#1)  H  150.7 

(105  A) 

#2)  H  150.4 

(220  A) 

#3)  F  150.6 

(Sym.) 

#4)  F  150.6 

(non-S) 


22.7  23.6  166.6 


23.0  23.4  166.8 


23.4  23.4  348.0 


23.0  23.4  347.6 


In  these  figures,  black  dots  are  shown  at  every  5.0  mm 
along  the  beam  axis  for  the  indication  of  the  relation 
between  the  same  z  positions  in  each  plot.  The 
comparison  between  the  integrals  of  the  magnetic  field 
between  two  cases,  the  symmetric  ends  (#3)  and  the  non- 
symmetric  ends  (#4)  in  Table  2,  is  compiled  in  Table  3. 
Especially,  the  integrated  value  of  Ba  for  the  direction  with 
the  angle,  <p0  =  +  30  degree  is  listed,  together  with  those 
of  Bx,  and  By,  in  Table  3.  It  results  that  the  deviation 
from  zero  of  the  transverse  integrated  field  become  larger 
for  the  non-symmetric  dipole.  It  will  be  also  possible  to 
seek  the  better  optimal  length  for  the  non-symmetric  case 
with  the  modification  of  Eqs.(4)-(6). 
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Fig.  2:  The  amplitude  B,  (z)  and  the  phase  angle  (p(z)  of 
the  dipole  field  along  the  beam  axis  of  optimal  full-length 
helical  dipole  with  different  ends. 


Bx  <T) 


/ 

y 

y 

/ 

y 

/ 

-1  -0.5  0  0.5  1 


z  (m) 


Table  3:  The  integrated  values  of  the  transverse  field 
along  the  beam  axis. 


Case 

Int.  of  Bx 

(Tm) 

Int.of  By 

(Tm) 

Int.  of  Ba 
[cpo  =  30°] 
(Tm) 

#3) 

Symmetric 

0 

-  0 

-  0 

#4)  Non- 
symmetric 

+1.5x1  O'3 

+5.8x1  O'4 

-2.5x1 04 

5  CONCLUSION 

The  definition  of  the  effective  rotation  angle  for  helical 
dipoles  is  proposed,  similarly  with  the  effective  magnetic 
length.  From  the  relation  between  the  effective  rotation 
angle  and  the  cancellation  of  the  transverse  integrated  field, 
it  results  that  the  rotation  angle  of  helical  dipoles,  which 
meets  the  condition  of  the  cancellation  of  the  transverse 
integrated  field,  generally  deviates  from  2 n. 

In  general,  the  rotation  of  the  dipole  field  is  specified  only 
by  the  rotation  of  the  coil  in  the  helical  body  region.  On 
the  other  hand,  the  field  rotation  in  the  end  region  is  not 
specified  only  by  the  rotation  of  the  coil,  but  also  depends 
on  the  end  structure  of  the  iron  yoke,  etc. 

It  is  shown  that  the  length  of  the  helical  dipoles  can  be 
optimized  for  the  measured  (or  known)  ends  with  the 
derived  optimization  method.  In  addition,  it  is  revealed 
that  the  integrated  transverse  fields  for  helical  dipoles  with 
the  non-symmetric  ends  become  larger  than  that  with  the 
symmetric  ends. 
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MAGNETIC  FIELD  SHIMMING,  MEASUREMENT  AND  CONTROL  FOR 

THE  BNL  MUON  (G-2)  EXPERIMENT 


S.  I.  Redin*,  Yale  University,  New  Haven,  CT 
for  the  (g-2)  collaboration 


Abstract 

An  ultraprecise  superferric  magnet,  14  m  in  diameter,  was 
built  for  the  muon  (g-2)  experiment  currently  in  progress 
at  Brookhaven  National  Laboratory.  The  principal  quanti¬ 
ties  to  measure  in  the  experiment  are  the  frequency  of  (g- 
2)  oscillations  and  the  average  magnetic  field,  which  im¬ 
ply  stringent  requirements  on  the  homogeneity  of  the  mag¬ 
netic  field  as  well  as  on  the  precision  of  its  measurement 
and  control  system.  This  paper  describes  (g-2)  magnet, 
shimming  technics  used  to  improve  it  and  advanced  NMR 
and  Hall  probes  systems  to  measure  and  monitor  magnetic 
field. 

1  INTRODUCTION 

Precision  measurement  of  muon  |  (g-2)  value 

probes  short-distance  structure  of  the  theory  and  hence 
provides  stringent  test  of  the  Standard  Model  or,  alterna¬ 
tively,  search  for  New  Physics  beyond.  Previous  measure¬ 
ment  of  [1]  confirms  theoretically  predicted  contribu¬ 
tions  from  QED  and  strong  interactions  with  experimental 
precision  of  7.2  ppm  (parts  per  million).  The  goal  of  cur¬ 
rent  BNL  muon  (g-2)  experiment  [2]  is  to  lower  experi¬ 
mental  error  to  0.35  ppm,  which  would  allow  us  to  see  also 
week  interactions  contribution  at  the  level  of  3-4  sigma. 

In  the  muon  (g-2)  experiment  we  measure  wa,  the  spin 
precession  frequency  relative  to  the  momentum  vector  cy¬ 
clotron  precession  for  a  muon  in  a  uniform  magnetic  field. 
Muon  au  value  is  evaluated  from  relation  uja  =  au  and 
hence  two  quantities,  muon  (g-2)  precession  frequency  u)a 
and  magnetic  field  B,  must  be  measured  in  this  experiment 
precisely. 

Frequency  ua  is  measured  from  time  distribution  of  de¬ 
cay  electrons  registrated  by  detector  stations  [3]  and  its 
knowledge  is  principally  limited  by  statistical  error  of  the 
fit.  Magnetic  field  is  measured  and  controlled  by  the  sys¬ 
tem  of  NMR  probes.  It  is  designed  to  provide  accuracy  and 
stability  of  the  field  (averaged  over  muon  distribution)  at 
the  0.1  ppm  level.  To  achieved  this  goal,  magnetic  field 
across  the  muon  storage  region  should  be  shimmed  to  ~  1 
ppm  level  of  homogeneity. 

Magnetic  field  shimming,  measurement  and  control  with 
advanced  NMR  system  is  the  main  part  of  this  presentation. 
A  number  of  measurements  of  the  magnetic  field  were  also 
done  with  Hall  probes.  These  include  measurement  of  the 
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radial  component  of  the  field  in  the  storage  ring  and  mea¬ 
surement  of  highly  nonuniform  magnetic  fields  near  the 
beam  injection  point  and  in  the  region  of  straw  chambers 
used  for  decay  electron  tracking. 

2  SHIMMING  OF  THE  MAGNET 

The  BNL  (g-2)  magnet  provides  a  magnetic  field  of  about 
1.45  Tesla  over  the  muon  storage  region,  which  is  of 
toroidal  shape  with  the  radius  of  the  central  orbit  being 
711.2  cm  (280  inches)  and  cross  sectional  diameter  being 
9  cm.  The  cross  section  of  the  muon  storage  ring  is  shown 
in  Fig.  1.  The  magnet  has  a  C-shape  to  allow  decay  elec¬ 
trons  to  be  observed  inside  the  ring.  The  field  in  the  storage 
region  is  determined  dominantly  by  the  iron,  i.e.  its  geom¬ 
etry,  construction  tolerances,  temperature  control,  etc.  The 
air  gap  between  the  pole  pieces  and  the  yoke  serves  to  de¬ 
couple  the  magnetic  field  in  the  storage  region  from  that  in 
the  yoke. 

The  magnet  is  excited  by  four  ring-shaped  supercon- 


Figure  1 :  Muon  storage  ring.  1  -  yoke  plates,  2  -  outer 
cryostat,  3  -  outer  mandrel,  4  -  outer  lower  coil,  5  -  pole, 
6  -  muon  storage  region,  7  -  inner  upper  cryostat,  8  -  inner 
lower  mandrel,  9  -  inner  lower  coil. 

ducting  coils.  That  provides  thermal  stability,  low  power 
consumption,  low  resistance  R  and  hence  use  of  a  low 
voltage  well  regulated  (to  0.3%)  power  supply,  high  L/R 
and  hence  low  ripple  currents,  thermal  independence  of  the 
coils  and  the  iron. 

Magnetic  field  measured  at  the  first  powering  of  the  mag- 
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net  in  1 996  varied  peak-to-peak  by  up  to  1 400  ppm  (0.14%) 
in  different  azimuthal  locations  in  the  ring  and  up  to  300 
ppm  across  the  muon  storage  region.  Several  techniques, 
shown  in  Fig.  2,  were  used  to  shim  the  magnet  to  accept¬ 
able  level  of  homogeneity  of  magnetic  field. 


Figure  2:  Shimming  techniques:  1  -  aluminum  or  iron 
shims  between  top  and/or  bottom  iron  plate  and  the  rest 
of  the  yoke;  2  -  iron  wedges;  3  -  tilting  of  poles;  4  -  alu¬ 
minum/iron  sandwiches;  5  -  surface  correction  coils;  6  - 
Rose  (edge)  shims;  7  -  dipole  correction  coils 

We  started  shimming  by  leveling  the  pole  pieces  to  elim¬ 
inate  steps  between  adjacent  poles  to  0.0005  inch  or  less. 
We  also  adjusted  the  poles  at  certain  small  angle  to  the  hor¬ 
izontal  plane  such  that  both  top  and  bottom  poles  would  be 
horizontal  in  the  powered  state. 

Aluminum  or  iron  shims  between  top  plate  and  the  rest 
of  the  yoke  were  used  to  reduce  broad  azimuthal  variations 
of  the  field  from  1400  ppm  to  ~  300  ppm.  For  relatively 
short  variation,  the  iron  wedges  between  poles  and  yoke 
were  moved  radially  in-  or  outward. 

For  correction  of  the  field  distribution  across  the  muon 
storage  region,  it  was  extremely  fruitful  to  use  Rose  (or 
edge)  shims.  These  are  iron  strips  5  cm  wide  on  the  edges 
of  the  poles  surfaces.  They  are  10°  long  in  azimuth,  their 
thickness  can  be  machined  to  correct  the  field.  Because 
the  Rose  shims  are  so  close  to  the  muon  storage  region, 
they  are  a  very  powerful  tool  for  both  wide  and  local  cor¬ 
rections.  Shimming  with  the  Rose  shims  was  done  in  sev¬ 
eral  steps.  First,  we  measured  shimming  effect  of  all  four 
shims  by  taking  one  10°  section  of  them  out  or  machine 
off  ~  1  mm  of  their  thickness  between  two  field  measure¬ 
ments.  Then  we  calculated  the  optimal  thicknesses  and 
machine  Rose  shims  for  one  half  of  the  ring  (with  some 
margin).  Necessary  corrections  were  applied  and  all  of  the 
Rose  shims  were  machined  to  the  optimal  value,  uniformly 
all  over  the  ring.  This  allowed  us  to  lower  pole-by-pole 
variations  of  the  field  across  the  muon  storage  region  (av¬ 
eraged  azimuthally  over  the  ring)  to  ~  25  ppm  level,  see 
Fig.  3a. 

Number  of  further  improvements  were  made  after  the 
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Figure  3:  Magnetic  field  distribution  across  the  muon  stor¬ 
age  region  for  1997  (a)  and  1998  (b)  runs.  The  interval 
between  the  contours  of  equal  field  strength  is  2  ppm. 


1997  run.  The  iron  yoke  was  thermally  insulated  (wrapped) 
for  better  temperature  stability  of  the  magnetic  field.  Rose 
shims  were  machined  individually  to  reduce  large  pole-by- 
pole  variations.  Other  shimming  techniques  applied  before 

1998  run  were  aluminum/iron  strips  sandwiches  to  correct 
local  field  variations,  mostly  at  boundaries  of  adjacent  pole 
pieces,  and  current  in  the  surface  correction  coils,  which 
are  the  strips  on  the  printed  circuit  boards  connected  to¬ 
gether  to  form  loops  azimuthally  all  over  the  ring.  Sur¬ 
face  correction  coils  can  be  used  to  correct  virtually  any  set 
of  multipoles.  Fig.  3b  shows  contour  plot  distribution  of 
magnetic  field  during  the  1998  run,  when  all  techniques, 
including  the  surface  correction  coils,  were  applied.  The 
peak-to-peak  variations  were  lowered  to  5  ppm  level. 

3  MAGNETIC  FIELD  MEASUREMENT 
AND  CONTROL  WITH  NMR  PROBES 

To  measure  and  control  the  magnetic  field  with  0. 1  ppm  rel¬ 
ative  accuracy,  a  pulsed  NMR  system  has  been  developed 
[4],  25  NMR  probes  were  mounted  on  a  movable  platform 
(shimming  trolley)  and  used  for  the  magnet  shimming.  17 
NMR  probes  were  mounted  on  a  beam  tube  trolley  [5]  and 
used  for  the  mapping  the  magnetic  field  during  the  data  tak¬ 
ing  runs. 

The  beam  tube  trolley  is  a  vacuum-tight  vessel  with 
cylindrical  shape  and  a  length  of  0.5  m,  curved  with  the 
same  radius  as  the  storage  ring.  The  trolley  drive  mecha¬ 
nism  pulls  the  trolley  along  the  ring  with  an  electrical  ca¬ 
ble.  The  same  cable  is  used  for  communication  between 
the  trolley  and  computer  in  the  control  room.  The  trol¬ 
ley  rides  on  rails  which  help  to  form  the  desired  electrical 
quadrupole  field.  During  data  taking  the  trolley  is  parked  in 
its  garage,  located  radially  inward  from  the  muon  storage 
region.  The  trolley  garage  mechanism  can  move  a  com¬ 
plete  50  cm  section  of  the  rails  with  trolley  on  it  radially 
outward  (inward)  at  the  beginning  (end)  of  magnetic  field 
measurements.  Both  trolley  drive  and  trolley  garage  are 
parts  of  the  muon  vacuum  chamber,  so  field  measurement 
with  the  beam  tube  trolley  can  be  done  without  breaking 
the  vacuum. 

During  the  run  the  measurements  with  the  beam  tube 
trolley  were  taken  every  24  to  72  hours.  Each  field  map 
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consists  of  about  6000  readings  for  each  of  the  17  NMR 
probes.  Between  these  measurements  the  drift  of  magnetic 
field  was  monitored  by  the  366  fixed  NMR  probes  embed¬ 
ded  in  the  walls  of  the  vacuum  chamber  in  72  azimuthal 
locations. 

Fixed  probes  are  calibrated  by  beam  tube  trolley  probes 
during  each  field  mapping.  At  the  end  of  the  run  the  17 
trolley  NMR  probes  were  calibrated  against  a  single  cali¬ 
bration  probe  [4].  It  was,  in  turn,  calibrated  with  a  stan¬ 
dard  NMR  probe  [6],  which  was  constructed  to  measure  the 
NMR  frequency  of  protons  in  a  spherical  sample  of  pure 
water  with  a  systematic  uncertainty  of  0.034  ppm. 

4  MAGNETIC  FIELD  MEASUREMENT 
WITH  HALL  PROBES 

A  number  of  field  measurements  [7]  were  done  with  Hall 
probes  in  regions  with  inhomogeneous  magnetic  field  or  for 
determination  of  the  direction  of  the  field,  i.e.  when  NMR 
probes  can  not  be  used.  The  most  important  was  measure¬ 
ment  of  the  radial  component  of  magnetic  field,  which  in 
this  experiment  must  be  kept  below  50  ppm  (averaged  over 
the  ring).  Our  measurement  achieved  an  accuracy  of  10 
ppm,  which  was  adequate  for  shimming  and  control  of  the 
radial  field. 

The  Hall  probes  device,  built  for  this  purpose,  contains 
two  Hall  probes  BH-206  installed  on  the  Z  —  0  plane  and 
the  electrolytic  tilt  sensor  RG33A  along  the  R  axis,  on  the 
aluminum  support  as  shown  in  Fig.  4.  The  support  itself 
is  mounted  on  the  system  of  platforms  in  such  a  way,  that 
it  can  be  tilted  (adjusted)  within  ±0.5°  from  horizontal  in 
Z—R  plane  and  rotated  around  the  vertical  Z  axis  by  180° . 

To  measure  angle  between  magnetic  field  and  the  R 


Figure  4:  Hall  probe  device  for  the  radial  magnetic  field 
measurements 

axis,  we  first  set  the  tilt  of  the  aluminum  support  at  some 
small  arbitrary  angle  5  (readout  of  the  tilt  sensor)  and 
record  the  output  voltage  from  the  Hall  probe  V.  Then  we 
make  180°  rotation,  adjust  the  angle  of  the  support  to  the 
same  angle  <5  and  take  another  Hall  probe  voltage,  V' .  The 
angle  a  between  the  magnetic  field  and  the  vertical  axis  is 
given  by 

1  V-V 
a  ~  2  V(1.45  T)  ’ 

where  V  (1.45  T)  is  a  Hall  probes  output  for  magnetic  field 
of  1.45  T. 


The  formula  above  is  insensitive  to  the  following  sources 
of  systematic  errors:  (1)  the  axis  of  the  180°  rotation  is  not 
exactly  vertical  in  Z  —  R  plane,  (2)  the  Hall  probes  output 
has  offset,  (3)  the  electrolytic  tilt  sensor  output  has  offset, 

(4)  the  axis  of  the  electrolytic  tilt  sensor  is  not  exactly  or¬ 
thogonal  to  the  plane  of  the  Hall  probes,  (5)  temperature 
change  over  time  larger  than  one  measurement  cycle  (be¬ 
fore  and  after  flip),  which  is  about  5  minutes.  Also  note 
that  the  systematic  error  due  to  not  exactly  180°  rotation  is 
of  second  order. 

A  potentially  important  systematic  error  is  the  planar 
Hall  effect  [8],  To  eliminate  this  error,  we  use  two  Hall 
probes  with  parallel  planes,  but  with  orthogonal  directions 
of  the  Hall  currents,  in  the  vertical  and  horizontal  (az¬ 
imuthal)  direction,  respectively.  After  averaging  these  two 
Hall  probes  measurements,  the  net  result  will  not  be  af¬ 
fected  by  this  source  of  systematic  errors. 

Another  important  measurement  done  with  Hall  probes 
was  the  measurement  of  magnetic  field  in  the  region  of  the 
traceback  system  which  occupies  the  radial  region  from 
R  =  680  cm  to  705  cm  and  the  vertical  region  from 
Z  =  —10  cm  to  +10  cm,  where  the  magnetic  field  varies 
from  1.45  T  to  ~  0.2  T.  Both  vertical  and  radial  compo¬ 
nents  of  the  field  are  needed  for  reconstruction  of  electron 
tracks.  The  azimuthal  component  of  the  field  is  assumed  to 
be  zero  from  symmetry. 

The  apparatus  used  for  magnetic  field  measurements  in 
the  traceback  region  consists  of  two  Hall  probes  mounted 
on  a  system  of  two  translation  stages  which  in  turn  are 
mounted  on  the  rigid  aluminum  support  and  the  whole  as¬ 
sembly  is  bolted  to  the  top  and  bottom  poles.  The  Hall 
probes  were  oriented  so  that  one  of  them  measured  the  ver¬ 
tical  component  of  the  field  and  the  other  measured  the  ra¬ 
dial  component.  The  translation  stages  provided  radial  and 
vertical  motion  of  the  probes.  Measurements  and  calcula¬ 
tions  are  in  agreement  at  the  10~3  level,  which  is  sufficient 
accuracy  for  the  electron  track  reconstruction. 

Magnetic  field  maps  taken  by  the  NMR  beam  tube  trol¬ 
ley  have  missing  points  near  the  beam  injection  point, 
where  field  is  highly  inhomogeneous.  Measurement  of  ra¬ 
dial  and  azimuthal  components  of  the  field  with  Hall  probes 
improved  significantly  the  model  used  to  describe  field  dis¬ 
tribution  in  this  region. 
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Abstract 

DX  dipoles,  with  an  aperture  of  18  cm,  are  located  on 
each  side  of  the  six  intersection  regions  of  RHIC.  All  DX 
dipoles  were  tested  at  4.35  K  for  quench  performance,  and 
trained  successfully  to  at  least  a  10%  margin  above  the 
operating  field  (4.3  T  at  6.6  kA).  Field  quality  in  these 
dipoles  was  measured  at  room  temperature  and  at  4.35  K 
using  a  rotating  coil  system.  The  measured  harmonics 
were  corrected  for  offsets  of  the  measuring  coil  from  the 
magnetic  axis,  determined  by  a  variety  of  techniques.  All 
harmonics  were  found  to  be  within  acceptable  limits. 

1  INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  at  BNL  has 
six  intersection  regions.  Immediately  on  each  side  of  these 
regions  is  a  dipole,  named  the  DX  dipole,  through  which 
both  beams  pass.  These  magnets  require  a  large  aperture 
of  18  cm,  operate  at  4.3  T,  and  the  magnetic  length  is 
3.75  m.  There  are  12  of  these  magnets  installed  in  the 
accelerator  and  one  more  production  magnet  was  built  as 
a  spare.  The  magnet  coils  have  71  turns  in  six  blocks.  A 
detailed  description  of  magnet  features  and  construction 
experience  can  be  found  in  reference  [1],  This  paper 
summarizes  results  of  quench  and  field  quality  tests. 

2  QUENCH  TESTS 

All  13  production  DX  dipoles  were  trained  to  7.26  kA, 
10%  above  the  6.6  kA  operating  current.  The  magnets 
were  tested  in  liquid  helium  at  4.35  K  (nom.)  and  ramped 
at  100  A/sec.  A  summary  of  the  training  data  for  the  12 
magnets  installed  in  RHIC  is  shown  in  Fig.  1.  The  filled 
diamond  symbols  indicate  quench  currents,  while  the 
open  diamonds  indicate  a  ramp  to  7.5  kA  (the  limit  of  the 
leads  in  RHIC)  without  quenching.  Two  magnets  were 
not  ramped  to  7.5  kA  due  to  limitations  on  test  time.  The 
lower  final  quench  for  magnet  102  followed  an 
instrumentation-induced  quench  at  high  field  after 
reaching  7.5  kA. 

Constraints  on  test  time  permitted  thermal  cycles  only 
of  the  spare  magnet,  number  114.  During  its  initial 
cooldown,  the  magnet  trained  to  the  operating  current  in 
four  quenches  and  to  7.5  kA  in  twelve  quenches.  After 
one  cycle  to  room  temperature,  four  quenches  were 
needed  to  reach  operating  current;  after  a  second  cycle, 
three  quenches  were  needed. 

Quench  location  information  was  available  only  from 
the  three  standard  voltage  taps.  The  data  indicate  that  the 
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Fig.  1:  Quench  history  of  DX  dipoles  installed  in  RHIC 

quenches  originated  at  different  locations  in  both  coil 
halves.  Spikes  in  these  signals  also  indicated  significant 
superconductor  motion  during  most  quenches. 


3  FIELD  QUALITY  MEASUREMENTS 

The  field  quality  is  characterized  by  a  set  of  harmonics,  bn 
and  an ,  defined  (in  “units”)  by  the  relation 


7  .  V 

x  +  iy 

V  Rref  J 


(1) 


where  B0  is  the  strength  of  the  dipole  field  and  Rr€/  is  a 
suitable  reference  radius,  chosen  to  be  60  mm  for  the  DX 
magnets.  The  field  quality  in  all  the  DX  magnets  was 
measured  using  a  rotating  coil  system  comprising  of  five 
tangential  coils  [2]  at  a  radius  of  74.1  mm  for  warm 
measurements  and  68.5  mm  for  measurements  at  4.35  K. 
The  length  of  coils  used  for  both  warm  and  cold 
measurements  was  0.921  m.  Harmonics  were  measured  at 
five  axial  positions,  spaced  by  one  coil  length,  to  obtain 
the  integral  harmonics. 


3.1  Warm  measurements 

The  warm  measurements  were  carried  out  at  three 
different  currents  (10  A,  20  A  and  30  A)  with  the  magnet 
placed  horizontally  on  a  level  granite  table.  The  “true” 
harmonics  were  determined  from  the  slope  of  a  linear  fit 
between  the  measured  normal  or  skew  terms  and  current, 
thus  subtracting  out  any  remnant  fields.  The  measuring 
coil  was  equipped  with  a  gravity  sensor,  which  enabled 
determination  of  the  dipole  field  angle  with  respect  to 
gravity.  Several  fiducials  on  the  magnet  cold  mass  were 
optically  surveyed  during  the  same  set  up  to  correlate  the 
field  direction  with  the  fiducials.  This  information  was 
used  to  install  the  magnets  into  the  cryostats  in  the  ring. 

3.1.1  Centering  of  Data 

Any  radial  offset  of  the  measuring  coil  axis  with  respect 
to  the  magnetic  axis  is  a  source  of  error  in  the 
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determination  of  harmonics.  For  all  the  other  types  of 
dipoles  in  RHIC,  the  Quadrupole  Configured  Dipole 
(QCD)  method  [3]  was  used  for  data  centering.  This 
method  requires  a  separate  measurement  with  the  two 
magnet  coil  halves  powered  with  opposite  currents.  This 
could  not  be  done  for  the  warm  measurements  in  the  DX 
magnets  due  to  presence  of  a  separate  quench  protection 
diode  across  each  coil  half. 

A  variant  of  the  QCD  method  was  devised  for  centering 
of  data  in  the  warm  DX  magnets.  Measurements  were 
made  in  the  regular  dipole  mode,  and  in  a  “half  dipole 
mode”  where  only  one  coil  of  the  magnet  was  powered. 
The  usual  QCD  mode  data  was  then  synthesized  by 
subtracting  the  “half-dipole”  data  weighted  by  a  factor  of 
2  from  the  dipole  mode  data.  This  technique  was  tested  on 
the  10  cm  aperture  RHIC  DO  dipoles  and  good  agreement 
with  the  regular  QCD  method  was  found. 

3.1.2  Harmonics  from  warm  measurements 

The  harmonics  measured  at  the  three  central  positions 
were  used  to  obtain  the  average  harmonics  in  the  straight 
section  of  the  magnet.  The  normal  and  skew  terms  from 
all  the  five  positions  were  added  to  obtain  the  integral 
harmonics.  The  results  are  summarized  in  Figs.  2(a)  and 
2(b).  The  straight  section  values  for  individual  magnets 
are  shown  by  crosses  and  the  integral  values  by  open 
circles.  The  average  values  of  straight  section  and  integral 
harmonics  are  shown  by  the  solid  and  the  dashed  lines 
respectively. 

It  is  seen  from  Fig.  2  that  on  an  average,  the  terms 
unallowed  by  the  dipole  symmetry,  viz.  the  odd  numbered 
normal  terms  {Jbv  bv  etc.)  and  all  the  skew  terms,  are  quite 
small  in  the  straight  section  of  the  magnet.  The  only 
exception  is  the  skew  quadrupole,  which  arises  primarily 
from  a  size  mismatch  between  the  two  magnet  coils. 

A  comparison  between  the  straight  section  and  the 
integral  harmonics  indicates  the  contribution  from  the 
ends.  This  is  generally  seen  to  be  negligible,  except  for 
the  allowed  normal  terms  and  the  skew  sextupole  (a2). 
Most  of  these  contributions  were  found  to  be  from  the 
lead  end  of  the  magnet. 

3.1.3  The  integral  transfer  function 

Due  to  small  errors  in  the  axial  positioning  of  the 
measuring  coil,  the  integral  transfer  function  obtained  by 


Fig.  2(a):  Normal  harmonics  in  DX  magnets  (warm) 
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Fig.  2(b):  Skew  harmonics  in  DX  magnets  (warm) 


summing  the  five  measurements  has  a  typical  accuracy  of 
only  -0.1%.  A  very  long  (10  m)  non-rotating  coil  of 

24.3  mm  radius  was  therefore  used  for  this  purpose.  The 
magnet  was  ramped  from  0A  to  30  A  and  the  signals 
from  two  orthogonal  dipole  windings  were  analyzed  to 
obtain  the  integral  transfer  function.  Fig.  3  gives  a  trend 
plot.  The  mean  value  is  2.5053  T.m/kA  with  a  standard 
deviation  of  0.03%.  The  reproducibility  of  measurements 
in  a  given  magnet  was  better  than  0.01%. 


3.2  Measurements  at  4.35  K 

Field  quality  was  measured  at  liquid  helium  temperature, 
following  quench  tests  in  a  vertical  dewar.  The  measuring 
coil  built  for  these  measurements  was  not  available  during 
tests  of  several  of  these  magnets.  In  such  cases, 
measurements  were  made  with  a  smaller  radius  (34.1  mm) 
rotating  coil.  The  higher  order  harmonics  were  not 
reliably  measured  in  this  case. 

At  each  of  the  five  axial  locations  of  the  probe,  the 
harmonics  were  measured  at  several  currents  between 
50  A  and  7000  A  during  both  the  upward  and  the 
downward  sweep  of  the  current.  The  current  was  ramped 
from  one  value  to  the  next,  and  then  held  fixed  during  the 
measurements  (DC  loop).  Space  limitations  above  the 
vertical  test  facility  precluded  use  of  the  long  coil  for  cold 
integral  transfer  function  measurements. 
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Fig.  3:  Integral  transfer  function  (warm)  in  DX  dipoles. 
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3.2.1  Centering  of  Data 

The  regular  QCD  measurements  were  used  to  determine 
the  offsets  of  the  measuring  coil.  Since  there  is  practically 
no  voltage  across  the  magnet  in  the  superconducting  state, 
the  presence  of  separate  diodes  across  the  magnet  coils 
did  not  prevent  the  use  of  this  method.  These 
measurements  were  carried  out  at  125 A  and  250A  using 
two  trim  power  supplies,  either  immediately  before  or 
after  each  DC  loop.  The  offsets  were  then  used  to  “center” 
the  measured  harmonics. 

In  some  magnets,  a  pronounced  current  dependence  was 
seen  in  the  skew  terms  av  av  as,  etc.  above  -6500  A.  As 
an  example,  Fig.  4  compares  the  current  dependence  of  a7 
and  a9  in  magnets  DRX1 10  (filled  symbols)  and  DRX1 12 
(open  symbols).  DRX112  shows  little  current  dependence 
in  these  harmonics,  as  expected,  but  this  is  not  the  case 
with  DRX110.  Magnet  to  magnet  variation  in  the 
behavior  of  such  higher  order  skew  terms  is  very  unusual. 
A  closer  look  at  the  magnitudes  of  changes  in  various 
harmonics  suggested  that  these  could  be  explained  by  a 


4000  4500  5000  5500  6000  6500  7000  7500 
Current  (A) 

Fig.  4:  Current  dependence  of  a7  and  a9  in  a  straight 
section  region.  The  dependence  in  DRX110  at 
high  fields  is  believed  to  be  an  artifact  due  to  a 
small  transverse  motion  of  the  magnet. 


small  (-0.5  mm)  motion  of  the  magnet  at  high  fields 
relative  to  the  measuring  coil.  In  order  to  account  for  such 
a  motion  in  the  analysis,  harmonics  were  first  obtained  at 
low  fields  using  centers  from  the  QCD  measurements.  A 
second  pass  was  then  made  with  centers  determined  such 
that  the  current  dependence  in  very  high  order  harmonics 
(a9  and  au)  was  eliminated.  This  procedure  eliminated 
current  dependence  in  other  lower  order  skew  terms  as 
well,  except  the  skew  quadrupole,  which  could  have  a  real 
current  dependence  due  to  local  top-bottom  asymmetries 
in  the  iron  yoke  weights. 

A  typical  excitation  curve  is  shown  in  Fig.  5.  The 
standard  deviation  of  the  straight  section  transfer 
functions  measured  in  6  magnets  is  -0.03%.  The  normal 
and  skew  harmonics  at  6600  A  (4.33  T)  in  these  six 
magnets  are  shown  in  Figs.  6(a)  and  6(b).  Changes  in 
harmonics  due  to  quench  and  thermal  cycle  were  studied 
in  one  magnet  and  were  generally  -0.1  unit  or  smaller. 


Fig.  5:  Excitation  curves  in  a  typical  magnet,  DRX1 13. 
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Fig.  6(a):  Normal  harmonics  in  DX  magnets  (6600A) 


Fig.  6(b):  Skew  harmonics  in  DX  magnets  (6600A) 
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FIELD  QUALITY  IN  THE  TWIN  APERTURE  D2  DIPOLES  FOR  LHC 
UNDER  ASYMMETRIC  EXCITATION*, 
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Abstract 

Twin  aperture  D2  magnets  are  one  of  the  several  types  of 
dipoles  to  be  built  by  BNL  for  the  interaction  regions  of 
LHC.  To  minimize  the  number  of  dipole  correctors 
required  in  the  interaction  regions,  D2  will  also  be  used  as 
part  of  the  steering  system.  Consequently,  the  operating 
fields  in  the  two  apertures  may  differ  by  up  to  -10%  at 
7TeV  operation  and  -33%  at  injection  in  order  to 
compensate  for  the  strengths  of  the  correctors  that  would 
otherwise  be  required.  Such  asymmetric  excitation  of  the 
two  apertures  may  induce  undesirable  field  harmonics. 
The  saturation  behavior  of  various  harmonics  is  studied 
using  POISSON  and  OPERA-2D.  It  is  shown  that  the 
changes  in  harmonics  resulting  from  the  anticipated 
asymmetry  are  within  tolerable  limits. 

1  INTRODUCTION 

As  part  of  the  US-CERN  collaboration  for  the  Large 
Hadron  Collider  (LHC),  Brookhaven  National  Laboratory 
(BNL)  will  build  a  number  of  superconducting  insertion 
magnets.  There  are  six  different  styles  of  dipoles,  all  with 
a  magnetic  length  of  9.45  m.  Also,  all  dipoles  will  use  the 
same  80  mm  aperture  coil  design  that  was  used  for  the 
RHIC  arc  dipoles.  In  the  twin  aperture  D2  and  D4 
magnets,  the  dipole  field  points  in  the  same  direction  in 
the  two  apertures.  This  presents  design  challenges, 
particularly  for  the  D2/D4B  magnets  where  the  separation 
between  the  two  apertures  is  only  194  mm.  Preliminary 
magnetic  designs  of  all  the  dipoles  to  be  built  by  BNL  can 
be  found  in  reference  [1]. 

In  order  to  minimize  the  number  of  dipole  correctors 
required  in  the  interaction  regions,  it  was  decided  to  use 
D2  as  part  of  the  steering  system  also.  Consequently,  the 
operating  fields  in  the  two  apertures  may  differ  by  up  to 
-10%  at  7  TeV  operation  and  -33%  at  injection  in  order 
to  compensate  for  the  strengths  of  the  correctors  that 
would  otherwise  be  required.  Such  asymmetric  excitation 
of  the  two  apertures  may  induce  undesirable  field 
harmonics.  The  saturation  behavior  of  various  harmonics 
under  asymmetric  excitation  is  studied  in  this  paper. 

2  MAGNETIC  DESIGN  OF  D2  DIPOLES 

A  preliminary  design  [1]  of  D2  dipoles  minimized 
saturation  induced  harmonics,  but  was  based  on  tentative 
locations  and  sizes  of  bus  slots  and  other  cut  outs  needed 
in  the  iron  yoke.  It  was  assumed  in  this  optimization  that 
the  two  apertures  will  be  operated  at  the  same  dipole  field. 
Subsequently,  the  locations  of  bus  slots  and  various  cut 
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Fig.  1:  Design  of  the  D2  cold  mass  with  the  relocated 
bus  slots  and  other  cut  outs. 


outs  were  changed  significantly  from  the  original  design 
due  to  engineering  reasons.  This  required  a  new 
optimization  of  the  yoke  for  the  twin  aperture  magnets. 
TTie  current  design  for  the  D2/D4B  magnets  is  shown 
schematically  in  Fig.  1.  In  particular,  the  saturation 
control  holes  near  the  center  of  the  yoke  had  to  be 
enlarged  to  compensate  for  the  proximity  of  the  bus  slots. 
Instead  of  rectangular  holes  of  the  original  design,  holes 
with  semicircular  ends  were  used  in  order  to  maintain 
sufficient  distance  from  the  collars.  This  design  was 
obtained  by  minimizing  current  dependence  of  various 
harmonics,  calculated  using  POISSON.  Only  one  fourth 
of  the  magnet  was  modeled  to  obtain  maximum  precision. 
This  implied  equal  currents  for  the  coils  in  the  two 
apertures. 

3  ASYMMETRIC  EXCITATION  OF  D2 

As  mentioned  before,  it  is  planned  to  use  D2  as  part  of  the 
steering  system  in  order  to  minimize  the  number  of  dipole 
correctors  required  in  the  interaction  regions.  The 
required  correction  strength  is  0.55  T.m  at  injection  and 
2.5  T.m  at  7  TeV  operation.  Assuming  a  magnetic  length 
of  9.45  m,  these  strengths  correspond  to  0.0582  T  in  the 
D2  magnet  at  injection  and  0.265  T  at  7  TeV.  The  lowest 
operating  fields  for  D2  (at  regions  IR1  and  IR5)  are 
0.176  T  at  injection  and  2.74  T  at  7  TeV.  Thus,  the 
correction  strength  amounts  to  -33%  of  the  field  at 
injection  and  -10%  of  the  field  at  7  TeV. 

Since  the  iron  in  the  yoke  is  far  from  saturation  at  the 
very  low  fields  at  injection,  even  an  asymmetry  of  33% 
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in  the  excitation  of  the  two  apertures  is  not  expected  to 
produce  any  undesired  harmonics.  However,  at  high 
fields,  the  iron  is  saturated  and  an  asymmetric  powering  is 
likely  to  produce  a  different  current  dependence  in 
various  harmonics. 

In  order  to  study  the  effect  of  asymmetric  excitation,  it 
is  necessary  to  model  at  least  one  half  of  both  the 
apertures,  thus  doubling  the  problem  size.  This  made  it 
difficult  to  obtain  precise  results  at  all  values  of  excitation 
with  the  currently  implemented  problem  size  limits  in  the 
BNL  version  of  POISSON.  Consequently,  the  problem 
was  also  analyzed  using  the  program  OPERA-2D,  which 
permitted  a  finer  mesh.  Good  agreement  was  found 
between  the  results  of  OPERA-2D  and  POISSON  for  the 
cases  where  the  POISSON  solution  converged. 

In  order  to  obtain  a  conservative  estimate,  a  current 
asymmetry  of  15%  was  studied.  This  is  50%  over  the 
maximum  asymmetry  expected  at  7  TeV  operation.  Three 
cases  were  studied  -  (a)  equal  currents  in  both  the 
apertures,  (b)  current  in  the  left  aperture  higher  than  that 
in  the  right  aperture  by  15%  and  (c)  current  in  the  left 
aperture  lower  than  that  in  the  right  aperture  by  15%. 
Fig.  2  shows  a  sample  output  from  OPERA- 2D. 


4  RESULTS 


For  each  of  the  three  cases  studied,  the  harmonics  were 
calculated  with  the  center  of  the  right  aperture  as  the 
origin.  The  harmonics,  in  “units”,  are  defined  according  to 
the  expansion 


By  +  iBx  =  10  4  X  B0  ]T  (bn  +  ian ) 


(  ^  -  V1 
x  +  ty 

Rref  ) 


0) 


where  B0  is  the  strength  of  the  dipole  field,  Rref  is  a 
suitable  reference  radius,  chosen  to  be  17  mm  [2],  and  x 
and  y  are  the  horizontal  and  the  vertical  displacements 
from  the  chosen  origin  (center  of  the  right  aperture).  In 
practice,  the  normal  and  skew  coefficients,  bn  and  an,  were 
obtained  by  a  Fourier  analysis  of  the  Bq  component  at  a 
radius  of  35  mm,  and  then  scaled  to  17  mm.  Due  to  a  top- 
bottom  symmetry  in  the  model,  the  skew  coefficients 
were  zero. 

The  low  field  transfer  function  is  0.6345  T/kA  for  all 
the  three  cases.  Fig.  3  shows  the  change  in  transfer 
function  (from  the  low  field  value)  in  the  right  aperture  as 
a  function  of  the  dipole  field  in  this  aperture.  For  a  given 


Fig.  2:  Field  lines  calculated  using  OPERA-2D  at 
3.77  T  (6kA)  in  the  right  aperture,  with  15% 
more  current  in  the  left  aperture 


Dipole  Field  in  right  aperture  (T) 


Fig.  3:  Changes  in  transfer  function  from  the  low  field 
value  as  a  function  of  dipole  field  for  various 
asymmetries  in  excitation  of  the  two  apertures. 

dipole  field,  there  is  a  bigger  drop  in  transfer  function 
when  the  other  aperture  is  powered  with  a  higher  current, 
as  compared  to  the  case  of  a  symmetric  powering.  A 
±15%  asymmetry  in  excitation  gives  rise  to  a  ±0.4% 
change  in  transfer  function  at  ~6  kA.  This  implies  that  the 
current  required  to  achieve  the  same  field  in  a  given 
aperture  may  vary  by  up  to  ±23  A  at  3.8  T  depending  on 
the  excitation  level  of  the  other  aperture. 

The  saturation  behaviors  of  various  harmonics  ranging 
from  quadrupole  to  14-pole  are  shown  in  Figs.  4  through 
9.  For  each  harmonic,  any  systematic  value  at  low  fields 
is  subtracted  out  to  obtain  the  contribution  from  iron 
saturation  alone.  As  can  be  seen  from  these  figures,  the 
saturation  induced  harmonics  are  well  below  1  unit  in  the 
case  of  symmetric  excitation  (solid  lines)  up  to  the 
maximum  operating  field  of  3.83  T  for  these  dipoles 
(7  TeV  operation).  In  the  case  of  asymmetric  excitation, 
the  lowest  order  quadrupole  and  sextupole  harmonics  are 
the  most  affected.  Even  for  these  harmonics,  it  is  seen 
from  Figs.  4  and  5  that  the  saturation  induced  harmonics 


Dipole  Field  in  right  aperture  (T) 

Fig.  4:  Saturation  behavior  of  the  quadrupole  term 
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Dipole  Field  in  right  aperture  (T)  Dipole  Field  in  right  aperture  (T) 

ig.  5:  Saturation  behavior  of  the  sextupole  term  Fig.  8:  Saturation  behavior  of  the  12-pole  term 
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Fig.  6:  Saturation  behavior  of  the  octupole  term 
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Fig.  7:  Saturation  behavior  of  the  decapole  term 
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Fig.  9:  Saturation  behavior  of  the  14-pole  term 


are  still  below  1  unit  at  the  highest  operating  point.  Since 
the  actual  asymmetry  needed  in  operation  is  expected  to 
be  less  than  10%,  and  that  too  at  a  lower  field,  the  small 
deterioration  in  the  saturation  behaviour  should  be  quite 
acceptable.  For  the  higher  order  terms,  octupole  through 
the  14-pole,  the  changes  are  at  the  level  of  0.02  unit  or 
less.  These  changes  also  are  not  expected  to  limit  the 
performance  of  the  D2  dipoles. 
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Abstract 

During  the  seven-year  construction  of  the  Relativistic 
Heavy  Ion  Collider  (RHIC),  more  than  1700  superconduct¬ 
ing  dipoles,  quadrupoles,  sextupoles,  and  multi-layer  cor¬ 
rectors  have  been  constructed  and  installed.  These  magnets 
have  been  sorted  at  several  production  stages  to  optimize 
their  performance  and  reliability.  For  arc  magnets,  prior¬ 
ities  have  been  put  first  on  quench  performance  and  op¬ 
erational  risk  minimization,  second  on  field  transfer  func¬ 
tion  and  other  first-order  quantities,  and  finally  on  nonlin¬ 
ear  field  errors  which  were  painstakingly  optimized  at  de¬ 
sign.  For  Interaction-Region  (IR)  magnets,  sorting  is  ap¬ 
plied  to  select  the  best  possible  combination  of  magnets  for 
the  low-/?*  interaction  points  (IP).  This  paper  summarizes 
the  history  of  this  real-world  sorting  process. 

1  INTRODUCTION 

The  RHIC  magnet  system  consists  primarily  of  supercon¬ 
ducting  dipole,  quadrupole,  sextupole  and  corrector  mag¬ 
nets  for  guiding,  focusing,  and  correcting  the  counter- 
circulating  ion  beams  into  the  design  orbits  in  the  regular 
arcs  of  the  machine  lattice.  A  large  complement  of  spe¬ 
cial  superconducting  magnets  is  also  required  for  steering 
the  beams  into  collisions  at  the  six  interaction  regions  (IR) 
where  the  ion  beams  interact.  During  the  seven-year  con¬ 
struction  cycle,  more  than  1 700  superconducting  magnets 
have  been  constructed,  measured,  installed  and  tested.  In 
order  to  optimize  the  performance  of  these  magnets,  sort¬ 
ing  has  been  applied  whenever  possible. 

For  a  majority  of  the  arc  magnets,  priorities  have  been 
put  first  on  quench  performance  and  operational  risk  min¬ 
imization  and  second  on  field  transfer  function  and  other 
first-order  quantities.  Since  nonlinear  field  errors  were 
painstakingly  optimized  at  design,  and  their  sorting  prior¬ 
ity  was  low.  For  IR  magnets,  sorting  was  applied  to  select 
the  best  possible  combination  of  magnets  for  2  out  of  6  IRs 
where  /?*  will  be  lowered  to  1  meter  for  high  luminosity  ex¬ 
periments.  In  order  to  minimize  the  relative  misalignment 
between  magnets  in  a  common  cryostat,  sorting  was  also 
applied  both  before  and  after  cryostat  assembly.  In  contrast 
to  an  idealized  magnet  sorting,  sorting  in  a  real  world  is 
often  constrained  by  the  assembly  and  installation  sched¬ 
ule,  available  storage  space,  etc.  This  paper  summarizes 
the  history  of  this  real-world  sorting  process.  In  Section  2, 
we  review  the  overall  procedure  of  magnet  analysis,  accep¬ 
tance,  and  sorting.  In  Sections  3  and  4,  we  summarize  the 
actual  sorting  experience  for  arc  and  IR  magnets. 
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2  MEASUREMENT  DATA  ANALYSIS 

Besides  reaching  fields  with  substantial  margins  above  the 
required  range,  all  of  the  RHIC  magnets  must  meet  strin¬ 
gent  requirements  for  field  quality,  reproducibility,  and 
long-term  reliability.  In  order  to  fulfill  this  goal,  a  com¬ 
mittee  of  magnet  division  and  RHIC  accelerator  physics 
personnel  jointly  reviewed  the  field  quality,  quench  test 
performance,  survey  and  other  engineering  aspects  of  the 
magnets.  After  individual  magnet  elements  (coldmasses) 
are  measured  and  tested,  the  magnetic  field  quality  data, 
including  transfer  function,  field  angle,  multipole  harmon¬ 
ics,  magnetic  center  offsets,  etc.  at  all  the  test  currents, 
[1]  are  recorded  along  with  the  warm  mechanical  survey 
measurements  of  the  fiducial  positions,  sagitta,  mechani¬ 
cal  length  and  field  angle.  The  data  are  transferred  from 
the  magnet  division  into  the  RHIC  SYBASE  database,  and 
then  analyzed  by  studying  trends,  comparing  with  the  ex¬ 
pected  values,  and  evaluating  the  deviation  from  the  mean 
using  the  computer  program  MAGSTAT  [2],  As  shown 
in  Fig.  1,  after  their  review  and  acceptance,  magnets  con¬ 
tained  in  their  own  cryostats  (e.g.  arc  dipoles)  are  sorted  for 
their  candidate  installation  locations.  Magnets  belonging  to 
a  common  cryostat  assembly  go  through  a  second  stage  of 


Figure  1 :  Magnet  acceptance  and  sorting  procedure. 
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review,  acceptance  and  sorting.  At  this  stage,  the  assembly 
is  surveyed  with  either  colloidal-cell  optical  or  stationary- 
coil  pick-up  (antenna)  techniques  to  locate  the  magnetic 
centers  of  the  components  relative  to  the  cold  mass  fidu- 
cials  and  the  externally  accessible  cryostat  fiducials.  This 
survey  data  is  transferred  into  the  database  and  analyzed 
using  the  computer  program  SURVSTAT  [3].  Based  on  a 
second-round  review  and  balance  of  both  coldmass  and  as¬ 
sembly  data,  the  assemblies  are  sorted  for  final  installation. 

3  ARC  REGION  MAGNET  SORTING 

RHIC  arc  dipoles,  quadruples  and  sextupoles  are  industry- 
built  magnets.  Despite  close  communication  and  detailed 
quality  assurance  procedures,  unexpected  changes  in  the 
manufacturing  process  still  occurred.  Magnet  acceptance 
review  and  the  subsequent  sorting  played  an  essential  role 
in  optimizing  the  final  performance. 

3.1  Arc  Dipoles 

During  the  acceptance,  a  drop  in  the  integral  transfer  func¬ 
tion  (ITF)  of  about  0.1%  was  noticed  and  traced  to  the  nar¬ 
rower  width  of  the  phenolic  insulator  used  between  the  coil 
and  the  iron.  Although  the  problem  was  corrected,  about  20 
magnets  were  affected.  These  magnets  were  sorted  along 
with  all  subsequent  dipole  magnets.  The  sorting  procedure 
was  based  on  the  strength  minimization  of  dipole  correc¬ 
tors  required  to  compensate  for  the  variation  in  the  integral 
transfer  function.  With  sorting,  the  maximum  current  re¬ 
quired  for  such  compensation  was  decreased  from  12  A  to 
about  3  A. 

The  dominant  multipoles  of  the  dipole  magnets  are 
b2  (normal  sextupole)  and  64  (normal  decapole)  resulting 
from  the  dipole  symmetry  of  the  magnets,  and  a4  (skew 
quadrupole)  resulting  from  the  asymmetric  vertical  place¬ 
ment  of  the  magnet  cold  mass  in  the  cryostat.  Due  to  the 
relatively  high  injection  energy  and  the  small  diameter  of 
the  coil  filaments,  the  persistent  current  effects  are  small. 
Magnet  design  has  minimized  b2  and  64  for  both  injection 
and  storage  currents  by  optimizing  the  cross-sections  of  the 
coil  and  the  yoke  taking  into  account  the  persistent  current 
and  saturation  effects.  The  minimization  of  a\  is  achieved 
by  sorting  the  yoke  weight  during  the  assembly  process  so 
that  the  lower  half  yoke  is  heavier  than  the  upper  half. 

Among  the  eight  dipoles  allocated  as  spare  magnets,  five 
of  them  have  off-normal  skew  quadrupole  component  (ai 
up  to  —5.9  units  [4]),  some  caused  by  a  known  coil  size 
mismatch;  one  has  an  excessive  twist  (2.5  mr  standard  de¬ 
viation  in  body  field  angle)  along  the  magnet  body,  and  one 
has  low  transfer  function  at  high  fields. 

3.2  Arc  Quadrupoles 

At  the  early  stage  of  industrial  manufacture,  midplane 
shims  were  incorrectly  changed  on  5  quadrupoles,  result¬ 
ing  in  a  63  of  about  —6  units.  These  magnets  were  sorted 
and  distributed  among  the  two  rings  to  minimize  their  ef¬ 
fects. 

The  dominant  multipoles  of  the  quadrupoles  are  65  and 
05  resulting  from  the  quadrupole  symmetry  of  the  coil  and 


the  end  configuration,  and  63  resulting  from  the  asymmetry 
between  the  horizontal  and  vertical  planes.  63  was  com¬ 
pensated  in  the  design  by  making  the  coil  to  midplane  gap 
appropriately  asymmetric,  while  65  was  reduced  by  com¬ 
pensating  the  body  with  the  ends  of  the  magnet. 

Among  the  eight  quadrupoles  allocated  as  spare  mag¬ 
nets,  four  of  them  are  of  concern  with  off-normal  coil  size 
or  low  collaring  pressure,  some  resulting  in  large  a2;  two 
have  excessive  b2  (—5  units);  one  has  an  engineering  repair. 

3.3  Arc  Sextupoles 

In  general,  the  performance  of  the  sextupole  magnets  ex¬ 
ceeded  the  design  goal.  However,  the  epoxy  contained  in 
about  42  magnet  coils  is  significantly  weaker  than  normal. 
Consequently,  the  average  quench  currents  (about  170  A) 
of  these  magnets,  although  exceeding  the  design  operating 
current  (100  A),  are  lower  than  the  average  of  the  regular 
magnets  (above  200  A).  To  minimize  possible  long-term 
effects,  these  magnets  have  been  sorted  and  allocated  to 
the  focusing  locations  around  the  two  rings  where  the  re¬ 
quired  strength  of  the  sextupoles  for  chromaticity  correc¬ 
tion  is  about  50%  of  that  at  the  defocusing  locations. 

3.4  Arc  Trim  Quadrupoles 

Trim  quadrupoles  all  have  minimum  quench  currents  above 
200  A,  well  exceeding  the  design  operating  current  of 
100  A.  One  trim  quadrupole  coldmass  was  designated  as 
a  spare  due  to  rust  on  the  yoke  caused  by  rain  damage. 

3.5  Arc  Correctors 

All  of  the  correctors,  either  single-layer  or  four-layer,  were 
built  in-house  and  cold  tested.  After  initial  training,  all 
the  magnets  quench  above  the  design  operating  current  of 
50  A.  Since  the  dipole  corrector  layers  are  all  powered  indi¬ 
vidually,  the  variation  in  the  integral  transfer  function  (typ¬ 
ically  1%  rms)  is  of  little  concern.  Correctors  with  layers 
of  excessive  field  angle  deviation  (up  to  ~20  mr)  or  erratic 
quench  training  were  selected  as  spare  magnets. 

3.6  Arc  CQS  Assembly 

Arc  corrector,  quadrupole,  and  sextupole  magnets  were 
welded  into  a  single  “CQS”  assembly.  The  CQS  assembly 
also  includes  a  beam  position  monitor  and  (for  some)  a  re¬ 
cooler.  The  CQS  components  need  to  be  aligned  with  each 
other  so  that  their  magnetic  centers  are  on  a  straight  line.  It 
was  found  in  the  early  stage  of  installation  that  “Springs” 
(made  of  G-10  plastic)  needed  to  be  installed  or  refitted 
in  the  support  posts,  confining  the  coldmass  transversely 
while  allowing  free  longitudinal  motion.  Special  welding 
stripes  were  applied  to  the  CQS  shell  to  align  the  magnetic 
centers  of  the  individual  coldmasses  for  assemblies  that  ex¬ 
ceeded  a  tolerance  of  0.25  mm.  Subsequently,  the  welding 
sequence  is  carefully  choreographed  to  balance  “curling” 
distortions  against  each  other. 

Correctors  with  large  misalignments  can  generate  seri¬ 
ous  feed-down  harmonics.  Two  early  CQSs  with  corrector 
offsets  larger  than  2  mm  have  been  removed  from  the  tun¬ 
nel,  and  were  later  corrected. 
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4  IR  MAGNET  SORTING 

The  IR  triplet  cryostat  contains  two  dipoles,  six 
quadrupoles,  and  six  four-layer  corrector  packages  of  the 
two  rings.  Field  imperfection  of  the  IR  magnets  limits  the 
machine  performance  at  collision  when  /?*  is  squeezed. 
Among  the  6  interaction  points,  2  of  them  are  planned  to 
run  at  a  low  /?*  of  1  m.  Most  sorting  efforts  have  been  to 
select  the  best  IR  magnets  for  these  2  “golden”  IPs. 

4.1  IR  Dipoles 

In  general,  two  IR  dipoles,  one  on  each  side  of  the  IP,  are 
powered  by  the  same  shunt  power  supply.  Sorting  has  been 
performed  to  pair  dipoles  of  similar  transfer  function  to 
the  same  IP.  Two  dipoles  with  off-normal  transfer  function 
are  assigned  to  special  locations  where  individual  shunt 
supplies  exist.  Early  magnets  with  imperfect  field  quality 
(large  62)  were  assigned  to  non-golden  region.  Since  the 
outstanding  random  error  is  ai,  magnets  of  similar  ax  are 
sorted  to  the  opposite  side  of  the  same  IP  to  minimize  their 
action  kicks  [5].  One  dipole  is  designated  as  a  spare  due  to 
erratic  quench  performance. 

4.2  IR  Quadrupoles 

The  manufacturing  sequence  of  IR  quadrupoles  follows  the 
level  of  required  performance,  starting  with  the  less-critical 
Ql.  Several  iterations  were  made  on  the  magnet  cross  sec¬ 
tion  to  optimize  the  field  quality.  Application  of  tuning 
shims  is  also  practiced  at  this  stage. 

In  one  Q2  quadrupole,  an  excessive  amount  of  axial  vari¬ 
ation  in  multipole  errors  was  found  (change  of  15  units 
of  <12)  and  suspected  to  be  due  to  cracked  insulators.  The 
quench  performance,  though  adequate,  was  lower  than  av¬ 
erage.  Efforts  were  made  at  the  last  stage  of  installation  to 
replace  this  “golden  candidate”  with  a  “spare  candidate”. 

Due  to  lack  of  time  for  cryogenic  testing,  1 1  out  of  72 
IR  quadrupoles  were  measured  only  at  room  temperature. 
Because  of  imperfect  correlation  between  the  warm  and 
cold  measurements,  the  field  quality  of  these  magnets  is 
less  well  known  than  the  field  quality  of  magnets  which 
have  been  cold  tested.  Since  this  information  is  the  critical 
base  for  IR  correction,  these  magnets  were  sorted  to  “non- 
golden”  IRs.  Spare  magnets  were  mostly  selected  based  on 
off-normal  multipole  errors.  One  quadrupole  with  a  par¬ 
tially  inserted  shim  was  first  allocated  as  a  spare  but  later 
installed  to  meet  schedule  requirements  for  the  first  sextant 
test. 

4.3  IR  Correctors 

Sorting  on  IR  correctors  was  performed  along  with  the 
quadrupoles  before  their  attachment  to  minimize  the  rel¬ 
ative  magnetic  center  offset  and  field  angle.  After  sorting, 
for  CQ  combinations  with  excessive  relative  offset  and  roll, 
shimming  adjustment  were  made  before  welding  of  the  as¬ 
sembly. 

4.4  IR  CQ  Assembly 

IR  correctors  were  welded  to  IR  quadrupoles  to  form  CQ 
assemblies.  At  a  later  stage  of  IR  CQ  assembly,  electric 


Table  1:  Summary  of  RHIC  magnet  sorting  (n  =  1  is 
quadrupole). 


Magnet 

Number 

(used+spare) 

Sorted  quantity 

Arc  dipole 

288+8 

ITF,  yoke  weight  (aQ 
twist,  62 

Arc  quad. 

372+8 

coil  size,  midplane  shim  size 

collaring  pressure 

coil  saddle  crack  repair,  62 

Arc  sext. 

288+12 

epoxy  level  (quench) 

Arc  corr. 

420+10 

quench,  field  angle 

D5I 

12+1 

vacuum  vessel  straightness 

D50 

12+1 

vacuum  vessel  straightness 

D96 

48+1 

Trim  quad. 

72+6 

rust  on  yoke 

CQS 

282+8 

corrector  offset 

CQT 

72+6 

CQ 

60+2 

Interaction  region  magnets: 

IR  dipole 

24+2 

quench,  ITF,  62,  a  1 

IR  quad. 

72+6 

data  availability  (schedule) 
axial  variation  of 
partial  shim,  multipoles 

IR  corr. 

72+6 

center  offset,  roll 

DX  dipole 

12+1 

IR  CQ 

72+6 

potential  corrector  shorts 

Total 

1692+65 

shorts  were  found  at  the  octupole  leads  of  IR  correctors 
precipitated  by  a  routing  misdesign.  Rework  was  done  on 
all  the  correctors  which  were  still  in  coldmass  state.  For 
correctors  designated  as  “golden”  and  yet  with  their  end 
plates  already  welded  on,  their  end  plates  were  removed  to 
allow  a  complete  rework.  About  8%  of  the  CQ  assemblies 
fully  installed  in  the  machine  were  not  reworked,  and  their 
chance  of  octupole  layer  malfunction  is  less  than  10%. 

4.5  Separating  Dipoles  DX 
After  a  design  iteration  based  on  the  prototype  magnet,  the 
field  errors  (62*  64)  of  these  large-bore  (18  cm  coil  diam¬ 
eter)  dipoles  were  greatly  reduced  and  are  well  within  the 
capability  of  IR  correction  [6], 

We  thank  members  of  the  Magnet  Acceptance  Commit¬ 
tee  for  their  contribution. 
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Abstract 

The  US-LHC  Magnet  Database  is  designed  for  production- 
magnet  quality  assurance,  field  and  alignment  error  impact 
analysis,  cryostat  assembly  assistance,  and  ring  installa¬ 
tion  assistance.  The  database  consists  of  tables  designed  to 
store  magnet  field  and  alignment  measurements  data  and 
quench  data.  This  information  will  also  be  essential  for  fu¬ 
ture  machine  operations  including  local  IR  corrections. 

1  INTRODUCTION 

The  US  part  of  the  Large  Hadron  Collider  (US-LHC)  ac¬ 
celerator  program  is  responsible  for  manufacturing  super¬ 
conducting  magnets  for  the  Insertion  Region  (IR)  inner 
triplet  and  RF  Region  dipoles.  Dipoles  built  at  Brookhaven 
National  Laboratory,  quadrupoles  built  at  Fermi  Lab  and 
Japan’s  KEK,  and  correctors  built  in  Europe  will  be  mea¬ 
sured  and  assembled  in  cryostats  in  the  US  and  then 
shipped  to  CERN  for  installation.  In  a  multi-laboratory 
collaboration  like  this,  it  is  necessary  to  unify  the  mea¬ 
surement  and  application  conventions,  and  to  establish  a 
database  structure  commonly  accepted  by  CERN  and  other 
collaborating  laboratories.  The  US-LHC  Magnet  Database 
[1]  is  designed  for  production-magnet  quality  assurance, 
field  and  alignment  error  impact  analysis,  cryostat  assem¬ 
bly  assistance,  ring  installation  assistance.  The  database 
consists  of  tables  designed  to  store  magnet  field  and  align¬ 
ment  measurements  data  and  quench  data.  This  informa¬ 
tion  will  also  be  essential  for  future  machine  operations  in¬ 
cluding  local  IR  corrections. 

The  design  of  US-LHC  Magnet  Database  is  based  on 
the  existing  structure  used  for  the  Relativistic  Heavy  Ion 
Collider  (RHIC).  Analysis  and  monitoring  software  for 
field  quality  [2]  and  alignment  quality  [3]  have  also  been 
adapted  for  US-LHC  magnet  use. 

2  DATABASE  FUNCTIONS  AND 
DATAFLOW 

Fig.  1  shows  the  function  of  Magnet  Database  during  the 
production  stage,  at  installation,  and  after  operation.  After 
individual  magnet  elements  (coldmasses)  are  constructed 
and  measured,  quench  data,  field  quality  data  (integral 
transfer  function,  center  offset  and  field  angle  relative  to 
mechanical  fiducials,  field  harmonics,  etc.)  and  alignment 
data  (fiducial  positions,  magnetic  center,  etc.)  are  collected. 
After  processing  (analyzing  measurement  conditions  and 
statistics,  correcting  calibration  and  other  systematic  er¬ 
rors,  etc.),  a  minimum  set  of  representative  data  is  trans- 

*  Work  performed  under  the  auspices  of  the  US  Department  of  Energy. 
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Figure  1 :  Dataflow  for  US-LHC  magnet  field  and  align¬ 
ment  quality  analysis. 

fered  to  the  US-LHC  Magnet  Database.  Based  on  these 
stored  data,  computer  tracking  and  simulation  is  performed 
to  assess  the  impact  of  errors;  statistical  and  trend  analysis 
is  performed  to  monitor  field  quality  and  to  assist  in  mag¬ 
net  coldmass  acceptance;  information  of  magnetic  center 
and  field  angle  can  be  used  for  alignment  sorting  [4]  be¬ 
fore  cryostat  assembly;  and  multipoles  with  signs  defined 
according  to  the  convention  are  used  for  future  machine 
operation  including  IR  correction  [5]. 

During  cryostat  assembly,  survey  and  alignment  data  are 
extracted  and  stored  in  the  database.  Sufficient  information 
is  contained  to  provide  the  center  and  field  angle  of  the 
assembly  relative  to  the  cryostat  fiducials.  Along  with  the 
completed  assembly,  this  information  will  be  delivered  to 
CERN  to  assist  in  ring  installation. 

3  MEASUREMENT  AND  ANALYSIS 
CONVENTIONS 

3.1  Measurement  Convention 
Conventions  are  established  among  BNL,  CERN  and 
FNAL  defining  the  reference  measurement  coordinates. 
Magnetic  multipoles  are  defined  in  the  reference  system 
[6, 7]  illustrated  in  Fig.  2.  The  description  is  2-dimensional 
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Figure  2:  Reference  frame  for  the  measurement  of  mag¬ 
netic  multipoles. 
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Figure  3:  Lead  end  of  a  combined  element  assembly. 

with  x  -  y  axes  chosen  such  that  the  skew  (or  normal)  com¬ 
ponent  in  the  main  field  of  a  normal  (or  skew)  magnet  is 
zero. 

If  the  measurement  is  performed  on  a  single  magnet  el¬ 
ement  (coldmass),  the  reference  frame  is  defined  with  re¬ 
spect  to  the  lead  end  of  the  element.  If  the  measurement  is 
performed  on  a  magnet  element  contained  in  a  combined 
element  assembly,  the  reference  frame  is  defined  with  re¬ 
spect  to  the  lead  end  of  the  assembly  (which  may  be  oppo¬ 
site  to  that  of  the  individual  element),  as  shown  in  Fig.  3 

3.2  Multipole  Sign  Convention 
Both  the  magnitude  and  sign  of  measured  multipole  errors 
are  important  for  error  analysis  and  for  IR  local  correction 
[5].  For  example,  the  systematic  a 2  from  the  lead  ends 
of  the  triplet  quadrupole  is  significant.  Since  IR  magnets 
at  opposite  side  of  the  interaction  point  (IP)  are  oriented 
symmetrically  towards  the  IP,  the  actual  sign  of  a2  seen  by 
the  beam  changes  accordingly. 

Fig.  4  shows  the  change  of  magnet  multipole  sign  from 
their  measured  value  for  a  beam  circulating  counterclock¬ 
wise.  In  general,  rules  for  multipole  transformation  under 
180°  rotation  around  vertical  ( y )  axis  (orientation  flip),  lon¬ 
gitudinal  (z)  axis  (upside-down  change)  and  radial  ( x )  axis 
are  summarized  in  Tab.  1 . 

4  DATABASE  STRUCTURE 

Presently,  the  database  contains  17  tables  as  listed  in  Tab.  2. 
The  first  13  tables  are  intended  for  quench  and  field  quality 
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Multipole  transformation  for  “opposite”  orientation  magnets: 
quadrupole:  bn  =>  (-)  b  n;  a  =>  (-)  n+1a  n 

dipole:  bn  =>  (-)  n+‘b  n;  a  n=>  (-)  “  a  n 

Figure  4:  Change  of  the  sign  of  magnet  multipoles  from 
their  reference  measurement  value  for  a  beam  circulating 
counterclockwise. 

of  individual  magnet  coldmass,  while  the  last  4  tables  are 
intended  for  survey  and  alignment  data. 

The  Integral  table  contains  the  integral  harmonics  and 
transfer  function  information.  In  the  case  of  short  magnets, 
this  information  may  be  obtained  from  a  single  measure¬ 
ment  with  a  suitably  long  measuring  coil.  For  long  mag¬ 
nets,  e.g.  the  RF  dipoles,  the  integral  harmonics  will  be 
obtained  from  a  sum  of  several  measurements  (a  Z-Scan). 
In  the  case  of  a  Z-Scan,  one  can  also  extract  the  harmonics 
averaged  over  the  straight  section  as  well  as  the  integrated 
contributions  from  the  two  ends.  If  available,  these  results 
will  be  stored  in  the  BodyHarmAvg  and  EndsHarm  tables 

Table  1 :  Transformation  rule  for  magnet  multipoles.  It  is 
assumed  that  the  magnet  polarity  is  adjusted,  if  necessary, 
so  that  the  fundamental  term  remains  positive.  N  =  2  is  for 
quadrupole  magnet,  while  n  =  2  is  for  quadrupole  order. 
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Table  2:  Summary  of  US-LHC  Magnet  Database  tables. 


Name 

Content 

Magnets 

magnet  name,  ID,  summary  info. 

Assembly 

combined  element  assembly  info. 

Quench 

quench  performance 

Integral 

int.  geometric  multipole 

LocalHarm 

multipoles  measured  at  one  position 

BodyHarmAvg 

average  body  multipole 

EndsHarm 

lead  and  return  end  multipole 

IntField 

integral  field  strength 

Magz 

magnetization  multipole 

Eddy 

Eddy  current  multipole 

TDecay 

time  decay  multipole 

Centers 

magnetic  centering  offsets 

WarmCold 

ITF  &  multipole  warm/cold  conversion 

FidMaglnfo 

survey  information  summary 

FidOpt 

fiducial  position  from  optical  survey 

CentMag 

mag.  center  wrt  external  reference 

Angle 

mag.  field  angle  wrt  external  reference 

respectively.  In  addition,  each  individual  measurement  in  a 
Z-Scan  will  be  recorded  in  the  table  LocalHarm.  The  en¬ 
tries  for  various  positions  in  the  LocalHarm  table  can  be 
used  to  identify  any  location  which  may  be  unusual  from 
the  field  quality  point  of  view.  Such  spots  of  concern  are 
generally  difficult  to  identify  from  the  integral  or  the  aver¬ 
age  body  harmonics,  and  the  information  can  be  essential  in 
establishing  models  for  study  of,  e.g.  magnet  fringe  field. 

Tables  Integral,  BodyHarmAvg,  EndsHarm  contain 
transfer  function,  multipoles  and  field  angle  data  of  indi¬ 
vidual  magnet  coldmass.  Both  normal  and  skew  Multipoles 
up  to  order  15  are  recorded  in  accordance  with  the  conven¬ 
tion.  Both  the  body  and  the  ends  harmonics  are  normalized 
to  the  value  of  the  main  field  component  in  the  straight  sec¬ 
tion,  whereas  the  integral  harmonics  are  normalized  to  the 
integrated  main  field  component.  Thus  both  the  body  and 
integral  harmonics  are  expressed  in  units.  Since  the  ends 
harmonics  are  integrated  values  over  a  certain  length  of  the 
magnet,  these  are  expressed  in  unit-m  rather  than  units. 

The  integral  transfer  function  obtained  by  summing  sev¬ 
eral  measurements  in  a  Z-Scan  may  not  be  very  accurate 
due  to  small  errors  in  positioning  of  the  measuring  coil.  If 
this  be  the  case,  an  independent  measurement  of  integral 
transfer  function  is  needed,  for  example  with  a  long  non¬ 
rotating  coil,  as  was  done  for  RHIC.  With  this  in  mind,  a 
separate  table  (IntField)  is  created  to  store  the  most  accu¬ 
rate  measurements  of  integral  transfer  function. 

For  measurements  in  the  superconducting  state,  mea¬ 
surements  during  the  upward  and  the  downward  sweeps  of 
current  reveal  contribution  to  harmonics  due  to  supercon¬ 
ductor  magnetization.  The  difference  between  the  up  ramp 
measurements  and  the  average  of  up  and  down  ramp  mea¬ 
surements  will  be  stored  in  the  table  Magz.  Similarly,  if 
harmonic  measurements  are  made  while  the  magnet  cur¬ 
rent  is  still  ramping,  then  such  harmonics  will  include  any 


contributions  from  eddy  currents  generated  in  the  super¬ 
conductor.  These  harmonics  will  be  stored  in  the  Eddy  ta¬ 
ble.  Another  superconductor  related  table  is  Tdecay,  which 
will  contain  the  time  dependence  of  various  harmonics  at  a 
fixed  current  (most  important  is  the  injection  current)  soon 
after  a  ramp. 

Table  Centers  will  contain  the  centering  offsets  and  field 
angles  from  the  magnetic  measurements.  These  values  are 
meaningful  only  when  the  measuring  coil  is  well  centered 
in  the  magnet  yoke.  In  such  cases,  one  can  use  this  infor¬ 
mation,  for  example,  to  better  align  various  elements  in  a 
combined  element  magnet. 

Table  WarmCold  will  contain  the  systematic  values  of 
warm  to  cold  offsets  based  on  data  from  all  the  magnets  of 
a  particular  type  for  which  both  types  of  data  exist.  This 
table  is  only  of  academic  interest  if  all  magnets  are  mea¬ 
sured  cold.  However,  the  table  can  be  used  to  obtain  the 
best  estimates  of  cold  harmonics  if  some  magnets  are  only 
measured  warm. 

Tables  CentMag  and  Angle  contain  information  of  as¬ 
sembly  center  offset  and  orientation  relative  to  the  external 
fiducials.  This,  together  with  Tables  FidMaglnfo  and  Fi- 
dOpt  containing  information  of  fiducial  positions,  provides 
guidance  to  final  ring  installation  of  the  magnet  assembly. 

5  SUMMARY 

Along  with  the  magnet  assembly  delivered  for  installa¬ 
tion  at  CERN,  magnet  measurement  data  containing  tables 
of  quench  performance,  field  quality,  alignment  and  sur¬ 
vey  data  will  be  transferred  to  CERN.  This  information 
is  essential  both  for  ring  installation  and  for  future  ma¬ 
chine  operation  including  IR  corrections.  US-LHC  Mag¬ 
net  Database  has  been  designed  to  fulfill  such  tasks,  and 
it  will  also  benefit  production  stage  quality  assurance,  error 
impact  analysis,  and  assembly  assistance  including  sorting. 

We  thank  participants  of  the  1998  US-LHC  Magnet 
Database  Workshop  for  contributing  to  the  establishment 
of  the  database  structure. 
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AN  ALTERNATIVE  LATTICE  FOR  THE  SPALLATION  NEUTRON 
SOURCE  ACCUMULATOR  RING* 


C.  J.  Gardner* .  Y.  Y.  Lee,  N.  Tsoupas 

Abstract 

As  a  key  component  of  the  Spallation  Neutron  Source 
(SNS)  Project,  the  Accumulator  Ring  will  collect  the  pro¬ 
ton  beam  from  the  SNS  LINAC  at  an  intensity  of  2  x  1014 
per  pulse  at  60  Hz  for  a  total  power  of  2  MW,  exceeding 
present  performance  value  of  existing  facilities.  Require¬ 
ments  of  minimum  beam  loss  for  hands-on  maintenance 
and  flexibility  for  future  upgrade  are  essential  for  the  lattice 
design.  In  this  paper,  we  study  an  alternative  lattice  em¬ 
phasizing  various  injection  schemes  and  flexibility  for  fu¬ 
ture  upgrade.  Working  points,  sextupole  families  for  chro- 
maticity  control,  and  alternate  extraction  schemes  are  also 
considered. 


1  THE  NOMINAL  LATTICE 
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The  nominal  lattice  [1,  2]  for  the  SNS  Accumulator  Ring 
consists  of  four  superperiods,  each  containing  a  90°  arc  and 
a  long  straight  section.  The  arc  consists  of  four  identical  8- 
meter-long  FODO  cells,  each  cell  containing  two  11.25° 
bends  and  having  a  horizontal  betatron  phase  advance  of 
7r/2.  The  arc  therefore  has  unit  transfer  matrix  in  the  hori¬ 
zontal  plane,  ensuring  zero  dispersion  in  the  long  straights. 
Two  identical  1 1 .586-meter-long  FODO  cells  form  each  of 
the  four  long  straights  which  house  injection,  collimation, 
rf  cavities,  and  extraction  systems,  respectively.  The  hori¬ 
zontal  and  vertical  tunes  of  the  nominal  lattice  were  origi¬ 
nally  taken  to  be  Qh  =  5-82  and  Qv  =  5.80  with  a  ver¬ 
tical  phase  advance  of  2tt  in  each  arc.  However,  in  order 
to  minimize  transverse  coupling,  a  “split-tune”  option  with 
Qh  =  5.82  and  Qv  =  4.80  has  been  considered.  Here  the 
vertical  tune  is  lowered  one  unit  by  reducing  the  vertical 
phase  advance  in  each  arc  to  37r/2  (67.5°  per  cell).  This  op¬ 
tion  has  the  added  advantage  that  it  reduces  the  Pmax/Pmin 
ratio  (from  13.6  to  7.3).  The  lattice  functions  for  the  split- 
tune  case  are  shown  in  Fig.  1  where  the  plot  runs  from  the 
center  of  one  arc  to  the  center  of  the  next.  The  drift  re¬ 
gions  of  the  long  straights  in  the  nominal  lattice  are  5.293 
m  long  (with  0.5  m  quadrupoles).  These  can  accommodate 
the  necessary  injection,  collimation,  rf,  and  extraction  ele¬ 
ments.  Fig.  2  shows  the  nominal  charge-exchange  injection 
scheme  [3,  2].  Here  the  three  bends  produce  a  fixed  injec¬ 
tion  bump  which  allows  the  chopped  H_  beam  from  the 
Linac  to  be  injected  through  a  stripping  foil  in  the  central  3 
kG  bend.  The  8  fast  kickers  (shown  in  green)  allow  for  hor¬ 
izontal  and  vertical  transverse  painting  as  some  1225  turns 
are  accumulated. 

*  Work  performed  under  the  auspices  of  the  US  Department  of  Energy. 
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Figure  1 :  Split-tune  FODO  lattice. 
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Figure  2:  Foil  injection  in  nominal  FODO  lattice. 

2  DOUBLET/FODO  HYBRID  LATTICE 

One  of  the  key  issues  of  the  ring  design  is  flexibility  for  fu¬ 
ture  upgrade.  Of  particular  interest  is  the  ability  to  accom¬ 
modate  H“  injection  with  laser-undulator  stripping  [4,  5] 
should  this  become  a  viable  option  in  the  future.  With  this 
in  mind,  we  have  been  studying  the  benefit  of  an  alterna¬ 
tive  lattice,  the  so-called  hybrid  lattice,  which  has  the  same 
FODO  arcs  as  the  nominal  lattice  but  has  a  doublet  struc¬ 
ture  in  the  straights.  The  beta  functions  and  dispersion  for 
such  a  lattice  are  plotted  in  Fig.  3.  Here  the  tunes  are  split 
(Qh  =  5.82,  Qv  =  4.80)  and  the  vertical  phase  advance  in 
the  arcs  has  been  reduced  to  55.8°  per  cell  to  minimize  the 
beta  function  mismatch  between  the  Doublet  and  FODO 
cells;  the  circumference  is  the  same  as  that  of  the  nominal 
lattice.  The  strength  of  the  doublet  quadrupoles  is  approx¬ 
imately  three  times  that  of  the  FODO  quadrupoles  in  the 
nominal  lattice  straights.  Comparing  with  Fig.  1  we  see 
that  the  maximum  beta  is  only  slightly  larger  (21  versus 
19.4  m).  The  doublet  structure  opens  up  9.086  m  drifts  on 
either  side  of  the  central  triplet.  (The  quadrupoles  are  0.5 
m  long  and  the  spacing  within  the  doublets  and  triplet  is 
0.5  m.)  If  need  be,  these  can  be  made  longer  while  keep- 
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ing  the  length  of  the  arcs  fixed.  Fig.  4  shows  the  effect 
of  adding  length  AX  to  the  drifts.  An  important  figure-of- 
merit  here  is  the  /3max/0min  ratio,  which  shows  only  small 
variation  over  the  range  of  ±4  m.  We  are  currently  study- 
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Figure  3:  Doublet/FODO  hybrid  lattice. 


Figure  4:  Variation  of  hybrid  lattice  parameters  with  A L. 

ing  the  relative  sensitivity  of  the  hybrid  lattice  to  random 
and  systematic  magnetic  errors  and  are  developing  a  cor¬ 
rection  scheme  similar  to  that  of  the  nominal  lattice  [6], 

3  ALTERNATIVE  INJECTION  SCHEMES 

The  long  drifts  of  the  hybrid  lattice  provide  the  necessary 
space  for  a  future  laser-undulator  charge-exchange  injec¬ 
tion  scheme  [4,  5]  such  as  the  one  depicted  in  Fig.  5.  Pos¬ 
sible  foil  injection  schemes  that  would  fit  in  the  same  space 
are  shown  in  Figures  6  and  7.  The  scheme  of  Fig.  6  is  the 
same  as  that  of  the  nominal  lattice  except  that  the  beams 
emerging  from  the  foil  must  pass  through  a  triplet  instead 
of  a  single  horizontally  focusing  quadrupole.  Here  one 


must  be  careful  that  any  excited  H°  beam  emerging  from 
the  foil  does  not  pass  through  fields  greater  than  2.5  kG  in 
the  triplet.  (Keeping  the  field  below  2.5  kG  ensures  that  H° 
atoms  with  principle  quantum  numbers  of  n  =  4  or  less 
will  survive  the  field  [3].)  In  both  the  nominal  scheme  and 
that  of  Fig.  6,  the  8  fast  kickers  (shown  in  green)  produce  a 
closed  orbit  bump  (used  for  transverse  painting)  that  is  off- 
center  in  the  central  quadruples  of  the  injection  straight. 
This  couples  the  injection  setup  with  the  tune  of  the  lattice, 
which,  although  not  a  problem  in  principle,  makes  tuning 
more  complicated  in  practice.  Complete  decoupling  can 
be  achieved  by  housing  the  entire  injection  scheme  in  one 
drift  space  as  shown  in  Fig.  7.  The  magnitude  of  the  kicks 
required  in  this  case  is  12  milliradians,  twice  that  of  the 
nominal  scheme. 


Figure  5:  Doublet  straight  with  laser-undulator  injection. 


Figure  6:  Doublet  straight  with  foil  injection. 
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Figure  7:  Doublet  straight  with  decoupled  injection. 


In  all  of  the  injection  schemes  considered,  the  bending 
magnets  break  the  four-fold  symmetry  of  the  ring.  In  the 
nominal  scheme,  where  the  bend  angles  are  small  (less  than 
2.4°),  a  small  amount  of  dispersion  (0.3  m)  is  introduced 
in  the  long  straights  and  there  is  a  small  perturbation  (0.5 
m)  of  the  beta  functions.  The  same  is  true  of  the  scheme 
in  Fig.  6.  However,  for  the  laser-undulator  scheme,  where 
the  bends  may  be  as  large  as  8.5°,  and  for  the  decoupled 
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scheme,  where  the  central  bend  is  4.9°,  the  perturbation  of 
the  symmetry  is  more  severe.  (For  the  decoupled  scheme, 
a  dispersion  of  0.7  m  is  introduced  in  the  long  straights.) 

4  EXTRACTION 

The  extraction  scheme  of  the  nominal  lattice  [2]  is  shown 
in  Fig.  8.  Here  the  fast  kickers  provide  a  vertical  kick  that 
allows  the  beam  to  clear  a  Lambertson  magnetic  septum. 
The  Lambertson  magnet  deflects  the  beam  by  15.5°  with 
a  field  of  about  5  kG,  bringing  the  beam  into  the  Ring-to- 
Beam-Target  transport  line.  A  possible  extraction  scheme 
for  the  hybrid  lattice  is  shown  in  Fig.  9.  Here  the  kickers 
are  located  close  to  the  central  triplet  so  that  the  effect  of 
the  lattice  tune  on  the  extraction  setup  is  minimal. 

+ 

H 

extraction 

extraction  septum  ^  ^ 


Figure  8:  Extraction  scheme  for  the  nominal  lattice. 
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extraction  ^ 


Figure  9:  Extraction  scheme  for  the  hybrid  lattice. 


5  SEXTUPOLE  OFF-MOMENTUM 
OPTICS  MATCHING 

In  recent  months,  we  have  been  studying  the  potential  ben¬ 
efit  of  arc  sextupoles  in  minimizing  off-momentum  optics 
mismatch  and  improving  off-momentum  dynamic  accep¬ 
tance  [7].  Using  16  sextupoles  of  moderate  strength  (3  kG 
at  10  cm)  grouped  in  4  families,  the  amplitude  of  the  off- 
momentum  beta  wave  can  be  reduced  from  ±12%  to  less 
than  ±3%;  this  is  shown  in  Fig.  10.  Consequently,  the  off- 
momentum  dynamic  aperture  can  be  increased  by  as  much 
as  30%.  The  chromatic  tune  variation  can  be  adjusted  as 
desired  across  the  entire  range  of  beam  momentum.  With¬ 
out  enhancing  the  nonlinear  chromaticity,  the  linear  chro- 
maticity  can  be  either  reduced  or  enhanced  for  tune  spread 
optimization  and  possible  instability  damping. 

6  CONCLUSIONS 

Although  the  nominal  lattice  has  a  simple  FODO  structure 
that  allows  for  considerable  flexiblity  in  tuning,  it  does  not 
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Figure  10:  Beta-wave  correction. 

have  the  long  drift  spaces  required  for  the  laser-undulator 
charge-exchange  injection  schemes  which  may  become  a 
reality  in  the  future.  The  hybrid  lattice  considered  here 
employs  doublets  to  open  up  the  necessary  dirft  spaces  in 
the  long  straights.  Both  the  laser-undulator  and  foil  injec¬ 
tion  schemes  can  then  be  accommodated.  The  long  drifts 
can  also  possibly  accommodate  the  entire  dynamic  injec¬ 
tion  bump  so  that  injection  painting  and  lattice  tuning  are 
decoupled.  Furthermore,  the  long  drifts  maximize  the  flex¬ 
ibility  of  the  collimation  device  arrangement  [7].  The  ac¬ 
ceptance  of  the  hybrid  lattice  is  comparable  to  that  of  the 
nominal  lattice,  but  sensitivity  to  magnet  errors  remains  to 
be  examined. 
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Abstract 

This  paper  summarizes  three-stage  design  optimization  for 
the  Spallation  Neutron  Source  (SNS)  ring:  linear  machine 
design  (lattice,  aperture,  injection,  magnet  field  errors  and 
misalignment),  beam  core  manipulation  (painting,  space 
charge,  instabilities,  RF  requirements),  and  beam  halo  con¬ 
sideration  (collimation,  envelope  variation,  e-p  issues  etc). 

1  INTRODUCTION 

The  SNS  ring  compresses  2x  1014  protons  at  1  GeV  into  a 
1  n s  pulse  at  a  repetition  rate  of  60  Hz  providing  a  beam 
power  of  2  MW  [1].  At  such  intensity  and  power,  beam 
loss  is  a  critical  issue.  Four  levels  of  loss  control  are  im¬ 
plemented:  to  guarantee  hands-on  maintenance  (average 
1  W/m  [2]),  the  total  uncontrolled  beam  loss  in  the  ring 
needs  to  be  limited  well  below  10~3;  the  collimators  are 
designed  to  collect  beam  halo  at  a  level  of  10“3;  hardware 
and  shielding  are  designed  to  withstand  10-2  for  engineer¬ 
ing  reliability;  and  the  machine  can  withstand  a  couple  of 
full  beam  pulses  for  emergency  handling  and  commission¬ 
ing. 

Presently,  concern  of  beam  loss  is  incorporated  in  the  de¬ 
sign  of  the  ring  and  transfer  lines  (HEBT,  RTBT)  at  three 
stages:  linear  machine  design  (lattice,  aperture,  injection 
and  extraction,  magnet  field  errors  and  misalignment,  etc.), 
beam  core  manipulation  (space  charge,  painting,  instabil¬ 
ities,  RF  requirements,  etc.),  and  beam  halo  consideration 
(collimation,  beam  envelope  variation,  e-p  issues,  etc.). 

2  LINEAR  MACHINE  OPTIMIZATION 

2.1  Lattice  and  Acceptance  Optimization 
The  SNS  ring  lattice  is  four-fold  symmetric  with  FODO 
structures  in  the  arc  which  are  flexible  for  tuning.  By  low¬ 
ering  the  vertical  tune  [3],  the  transverse  tunes  can  be  sep¬ 
arated  by  1  unit  to  minimize  the  transverse  coupling.  Re¬ 
ducing  the  phase  advance  in  the  arcs  also  makes  focusing 
smoother  and,  consequently,  reduces  beam  envelope  varia¬ 
tion  (by  a  factor  of  2  in  /3max/0mi„ )•  Recent  space  charge 
simulation  using  SIMPSONS  [4]  indicates  that  emittance 
growth  and  tail  development  is  noticeably  reduced. 

In  order  to  minimize  off-momentum  optics  mismatch 
and  to  improve  dynamic  acceptance  (DA),  we  proposed  a 
correction  scheme  using  4  families  of  arc  sextupoles.  By 
reducing  the  off-momentum  beta  wave  from  ±12%  to  less 
than  ±3%,  the  off-momentum  DA  is  increased  by  as  much 
as  30%  (Fig.  1).  The  momentum  aperture  is  also  increased 
by  about  30%  (Tab.  1). 


Figure  1:  Improvement  in  the  DA  due  to  off-momentum 
optics  optimization  using  arc  sextupoles.  The  6  dimen¬ 
sional  tracking  is  done  with  TEAPOT  incorporating  ex¬ 
pected  magnetic  errors,  misalignments,  and  physical  aper¬ 
ture  of  the  machine  with  10  random  seeds  at  5  transverse 
initial  directions. 

Table  1 :  Momentum  aperture  and  sextupole  improvement. 


Item _ Value 

Beam  momentum  spread  (99%)  ±  0.007 

RF  acceptance  at  40  kV  ±  0.010 

Ring  acceptance  at  nominal  emittance  ±0.015 


Ring  acceptance  with  sextupole  correction  ±  0.020 


In  order  to  decouple  injection  ramping  from  lattice  tun¬ 
ing,  and  to  accommodate  possible  future  laser-undulator 
charge  exchange  injection  schemes  [5],  we  designed  an 
alternative  hybrid  lattice  [3]  with  FODO  arcs  but  doublet 
straight  sections.  The  long  uninterrupted  straight  section 
can  possibly  accommodate  the  entire  injection  assembly. 
Since  locations  of  peak  /3XjV  are  only  at  places  of  large  aper¬ 
ture  quadrupoles,  the  horizontal  DA  is  increased  by  about 


*  Work  performed  under  the  auspices  of  the  US  Department  of  Energy. 

1  Email:  weil  ©bnl.gov  Figure  2:  Improvement  in  the  DA  with  the  hybrid  lattice. 
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Table  3:  Expected  alignment  errors  of  ring  magnets. 
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Figure  3:  Chromatic  tunability  with  4- family  sextupoles. 
30%  (Fig.  2). 

2.2  Chromatic  Tunability 

With  four  families  of  sextupoles,  desired  chromatic  tune 
variation  can  be  achieved  across  the  entire  range  of  beam 
momenta.  Without  enhancing  the  nonlinear  chromaticity, 
the  linear  chromaticity  can  be  either  reduced  or  enhanced 
for  tune  spread  and  DA  optimization  and  for  possible  insta¬ 
bility  damping  (Fig.  3). 


Item 


Value 


Integral  Transfer  Function  variation  (rms)  10" 4 
Ring  dipole  sagitta  deviation  3  cm 

Magnetic  center  position  (rms)  0.1  mm 

Magnet  longitudinal  position  (rms)  0.5  mm 

Mean  field  roll  angle  (rms)  0.2  mr 


injection  end 


Figure  4:  Correlated  and  anti-correlated  painting  of  the 
transverse  phase  space  (physical  space  shown). 

3  BEAM  CORE  MANIPULATION 


2.3  Magnetic  Errors  and  Misalignments 
Field  errors  in  both  dipoles  and  quadrupoles  (Tab.  2)  are 
designed  to  be  at  10“4  level  within  a  92%  (7.6  cm)  of  ra¬ 
dius  to  iron  pole  tip.  Dipole  ends  are  optimized  to  provide 
sector  magnet  function  to  10~4  accuracy.  Quadrupole  ends 
are  optimized  to  reduce  the  integrated  b6  error.  With  such 
field  quality,  the  magnet  error  impact  is  small.  Magnet  mis¬ 
alignment  (Tab.  3)  can  cause  significant  closed  orbit  offset 
and  coupling  requiring  designed  corrections  [6]. 

Tab.  4  indicates  that  the  leading  sources  of  loss  are  ex¬ 
pected  to  be  incoming  LINAC  halo,  LINAC  gap  residual, 
injection  loss,  and  foil  scattering.  Foil  loss  is  doubled  in 
the  anti-correlated  painting  scheme.  At  an  off-normal  con¬ 
dition  of  doubled  LINAC  emittance,  the  loss  will  again  be 
doubled  due  to  increasing  foil  hits. 

Table  2:  Expected  magnetic  errors  of  ring  quadrupoles 
based  on  AGS  Booster  magnet  measurement  data  and  end 
optimization.  Normalized  to  10~4  of  the  main  field  at  the 
reference  radius  (Rref)  of  7.6  cm.  (n  =  2  is  quadrupole). 


n 

Normal 

{ pn ) 

Skew 

(an)  cr(an) 

Body 

3 

[unit] 

-2.46 

-2.5 

4 

- 

-0.76 

-2.0 

5 

- 

-0.63 

1.29 

6 

0.20 

0.0 

1.45 

7 

- 

0.02 

0.25 

8 

- 

-0.63 

0.31 

9 

_ 

0.17 

-0.11 

10 

0.70 

0.0 

1.04 

14 

-1.41 

0.0 

0.26 

End 

6 

[unit-m] 

0.25 

(Length=0.15  m) 

3. 1  Injection  Painting  and  RF  Gymnastics 
The  beam  phase  space  distribution  is  manipulated  [7]  dur¬ 
ing  H~  injection  both  to  achieve  desired  beam  distribution 
at  the  target  and  to  maintain  the  space  charge  tune  shift  at 
a  moderate  level  (~0.2).  The  beam  is  injected  at  a  loca¬ 
tion  of  near- zero  dispersion  to  avoid  complications  caused 
by  transverse-longitudinal  coupling.  In  the  longitudinal 
direction,  the  frequency  of  the  pre-injection  transfer  line 
RF  system  is  modulated  to  broaden  the  beam  momentum 
spread  without  enhancing  the  momentum  tail.  In  the  trans¬ 
verse  direction,  both  correlated  and  anti-correlated  painting 
schemes  (Fig.  4)  can  be  accommodated  to  optimize  opera¬ 
tion.  The  anti-correlated  scheme  minimizes  the  impact  of 
transverse  coupling  produced  by  misalignment  and  space 
charge  forces,  while  the  correlated  scheme  reduces  halo  de¬ 
velopment  by  gradually  painting  to  larger  action. 


Table  4:  SNS  ring  loss  budget  at  2  MW  power  assuming 
400^g/cm2  foil  density  with  the  anti-correlated  painting. 


Mechanism 

Controlled  loss 

Uncontrol,  loss 

LINAC  incoming  halo 

IcF* 

LINAC  gap  residual 

10"5 

Injection  loss: 

missing  foil 

0.12 

- 

foil  elastic  scattering 

- 

5.2x"5 

foil  inelastic  scattering 

- 

3.7x  10"5 

H°  production 

0.02~0.11 

2~llxl0"8 

ionization  energy  loss 

- 

5x  10"6 

beam  hitting  septum 

<  10"3 

Ring  collimator 

~  10"3 

Fault  condition: 

1  kicker  missing 

<0.1 

- 

LINAC  off-normal: 

doubled  emittance 

0.03~0.1 1 

2.1  xlO"4 
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Figure  5:  Benchmarking  of  SIMPSONS  simulation. 

3.2  Space  Charge  Simulation 
Files  prepared  by  TEAPOT  [8, 9]  containing  magnetic  field 
errors,  misalignments,  and  corrections  are  used  for  SIMP¬ 
SONS  [4]  space  charge  simulation  (Fig.  5). 

4  BEAM  HALO  CONSIDERATION 

Incoming  beam  halo  from  the  LINAC  is  collimated  trans¬ 
versely  at  the  first  two  FODO  cells  of  the  transfer  line 
(HEBT)  using  movable  foil  stripping  and  collimator/dump 
combination,  and  longitudinally  at  the  maximum  disper¬ 
sion  lbcation  of  the  90°  achromat  bend  in  the  HEBT. 


4.1  Two-Stage  Ring  Collimation 
Ring  collimation  employs  two-stage  system  located  in  a 
shielded  non-dispersive  straight  section.  The  movable  pri¬ 
mal  collimator  (Fig.  6)  can  be  used  both  to  intercept  in¬ 
coming  halo  and  for  beam  diagnosis.  Three  secondary  col¬ 
limators  located  around  220  imm-mr  acceptance  at  phases 
4> 2.  determined  from  efficiency  optimization  and 

lattice  constraints,  are  designed  to  catch  scattered  particles. 


4.2  Surface  Grazing 

The  Collimators  consists  of  layers  of  steel,  borated  water, 
etc  to  contain  charged  and  uncharged  secondary  particles 
[10,  11],  Coated,  saw-toothed  surface  is  studied  to  min¬ 
imize  secondary  electron  emission,  as  confirmed  in  a  re¬ 
cent  experiment  at  the  Tandem  [12].  Surface  preparation 
together  with  two-stage  collimation  also  minimizes  beam 
loss  caused  by  grazing  scattering  (Tab.  5). 
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Figure  6:  Schematic  layout  of  SNS  ring  beam  gap  cleaning 
and  collimation  devices.  The  collimators  are  housed  and 
shielded  in  a  single  straight  section. 


Table  5:  Monte-Carlo  simulation  of  proton  grazing  show¬ 
ing  probability  of  escape,  median  escape  angle,  median  en¬ 
ergy  loss,  and  correlation  coefficient  of  scattered  proton  as 
functions  of  incident  angle. 


Angle  Prob.  of  Med.  esc. 
[mr]  escape  angle  [mr] 

Med.  energy 
loss  [MeV] 

Corr. 

coeff. 

0.1 

0.96 

0.3 

0.05 

0.9 

1 

0.84 

3.2 

4.4 

0.9 

5 

0.67 

12 

60 

0.8 

10 

0.54 

20 

153 

0.8 

15 

0.45 

28 

239 

0.7 

20 

0.37 

35 

314 

0.7 

25 

0.30 

41 

369 

0.7 

4.3  Beam  Gap  Cleaning 

Chopper  inefficiency,  foil  ionization,  etc.  can  produce 
residual  beam  between  subsequent  micro  bunches  resulting 
in  uncontrolled  loss  at  extraction.  A  gap  cleaning  kicker  is 
designed  to  be  located  at  a  straight  section  with  a  vertical 
betatron  phase  90°  (modulus  integer)  from  that  of  the  pri¬ 
mary  collimator,  where  beam  loss  is  measured  with  a  fast 
gated  loss  monitor  [13].  The  hardware  is  similar  to  that  of 
the  RHIC  Damper/Tune  Monitor  System,  which  uses  com¬ 
mercially  available  MOSFET  banks  to  supply  5  kV,  120  A, 
10  ns  rise  and  fall  time  pulses  to  a  transmission  line  kicker. 
Burst  mode  frequency  is  greater  than  1  MHz,  permitting 
turn-by-turn  kicking.  With  5  meters  of  kicker  length,  the 
gap  can  be  cleaned  in  about  25  turns. 

4.4  Impedance,  Instability,  e-p  Issues 

We  have  compiled  an  impedance  budget  and  started  mea¬ 
surement  to  benchmark  impedance  model.  Based  on  the 
budget,  instability  growth  rate  is  monitored  to  guide  the 
design.  Experimentally,  we  are  studying  a  newly  observed 
e-p  like  instability  in  AGS  Booster  to  understand  the  mech¬ 
anism  [14, 15]. 

We  thank  G.  Rees  for  many  enlightening  discussions,  S. 
Machida,  R.  Talman  for  codes  assistance,  and  many  oth¬ 
ers  including  J.  Alessi,  J.  Galambos,  A.  Jason,  A.  Luccio, 
R.  Macek,  T.  Satogata,  T.  Sen,  A.  Soukas,  S.  Tepikian, 
R  Thieberger,  J.  Tuozzolo,  J.G.  Wang,  C.  Warsop,  R. 
Witkover. 
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TESTING  AND  EVALUATION  OF  SUPERCONDUCTING  CABLES 

FOR  THE  LHC* 

R.  Thomas#.  A.  Ghosh,  D.  McChesney,  and  A.  Jain,  BNL,  Upton,  NY 


Abstract 

As  one  of  the  activities  of  the  US-LHC  Accelerator 
Project,  BNL  is  testing  short  samples  of  superconducting 
cables  that  will  be  used  in  the  main  LHC  dipoles  and 
quadrupoles.  The  purpose  of  these  tests  is  to  verify  that 
the  reels  of  superconducting  cables  as  supplied  by  the 
vendors  meet  the  required  critical  current  specifications. 
The  short-sample  testing  facility  and  the  computer-assisted 
testing  techniques  for  acquiring  the  data  will  be  described. 
We  also  describe  the  data  analysis,  data  storage,  and  data 
transmission  methods. 

1  APPROACH 

Electrical  tests  of  cable  samples  must  be  done  during 
cable  production  so  that  cable  manufacturing  problems 
may  be  detected  as  early  as  possible.  During  the  period 
that  CERN  is  procuring  superconductor  cable  for  the  LHC 
project,  BNL  is  providing  resources  to  verify  the  super¬ 
conducting  properties  of  the  cables.  The  BNL  short-sample 
test  facility  is  used  to  measure  the  critical  current,  Ia,  of 
short  (<1  meter)  samples  of  LHC  dipole  and  quadrupole 
cables. 

The  number  of  tests  that  must  be  performed  is  set  by 
the  cable  production  schedule  and  reaches  a  peak  rate  of 
about  20  samples  per  week.  The  total  number  of  tests  that 
will  be  performed  over  the  six-years  of  the  collaborative 
effort  will  exceed  3000. 

A  large  quantity  of  information  needs  to  be  acquired, 
analyzed,  and  stored.  Also,  reports  on  individual  runs, 
summary  sample  reports,  and  compatible  raw  data  files 
must  be  regularly  transferred  to  CERN.  Because  the  data 
handling  tasks  themselves  present  the  largest  challenges, 
the  database  is  the  key  organizing  structure  for  all  other 
operations. 

This  approach  is  possible  as  a  result  of  recent 
advances  in  networked  databases  and  distributed  object- 
oriented  software  programming.  These  allow  software 
programs  located  anywhere  on  a  network  (either  a  local 
intranet  or  the  world-wide  Internet)  to  interact  with  a 
database  using  the  client/server  model. 

As  samples  are  received,  information  about  each 
sample  is  entered  into  a  table  (CableTrack)  in  the  data¬ 
base.  When  an  assembly  of  four  samples  is  placed  in  a 


Work  supported  by  the  U.  S.  Department  of  Energy,  Contract 
No.  DE  AC02-98CH 10886. 

"Email:  thomasl@bnl.gov 


sample  holder  for  testing,  information  about  the  assembly 
is  entered  into  the  CableAssembly  table. 

When  the  actual  testing  takes  place,  the  data  acquisi¬ 
tion  program  interacts  directly  with  the  same  database  to 
give  the  user  a  drop-down  list  of  assemblies  from  which 
he  selects  the  assembly  being  tested.  From  that  selection 
alone,  the  data  acquisition  program  can  obtain  information 
from  the  remote  database  regarding  the  physical  character¬ 
istics  of  the  samples  being  tested  and  their  instrumentation 
wiring.  Fig.  1  shows  the  data  flow  and  database  interac¬ 
tions. 


CERN 


Figure  1.  Selected  tables  of  the  Cable  Database  and 
interactions  with  the  data  flow  events. 

When  data  are  acquired,  values  are  written  into  the 
CableWave  table  of  the  database  describing  the  experi¬ 
mental  conditions  and,  the  name  of  the  raw  binary  data 
file  (a  copy  of  which  is  automatically  placed  on  the 
network  file  server). 

Once  this  information  has  been  obtained,  data 
analysis  can  be  carried  out  on  any  machine  connected  to 
the  network.  (Software  has  been  produced  that  loads  data 
into  workbooks,  fits  the  data  to  a  model,  and  writes  results 
back  into  the  CableAnalysis  table  of  the  database.)  Other 
programs  allow  the  user  to  select  records  from  the  Cable- 
Analysis  table  which  the  program  then  uses  to  produce 
summary  reports. 
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Finally,  result  files,  plain-text  raw  data  files,  sum¬ 
mary  reports  are  shipped  to  CERN  using  ftp  (file  transfer 
protocol).  Although  there  is  a  program  to  assist  in  this 
step,  it  has  not  yet  been  fully  automated.  Also,  the  con¬ 
struction  of  a  web  page  that  allows  those  at  CERN  to 
follow  the  status  of  any  sample  is  still  under  development. 

2  SHORT  SAMPLE  TEST  FACILITY 

The  standard  tests  are  performed  at  4.2  K.  Approxi¬ 
mately  10%  of  the  cable  samples  are  being  tested  in 
superfluid  helium  at  1.9  K  to  determine  the  consistency  of 
the  AH  shift  of  the  I,.,  vs.  H  curve  from  4.2  K  to  1.9  K. 
Four  samples  can  be  tested  in  one  cool-down  of  a  single 
test  station  (cryostat),  so  two  additional  test  stations  are 
being  built  to  meet  the  LHC  production  schedule. 

The  layout  of  the  four  samples  in  the  sample  holder 
is  shown  in  Fig.  2.  The  sample  holder  is  placed  in  a 
cryostat  which  also  holds  a  superconducting  dipole  magnet 
which  can  produce  fields  as  high  as  -9  T  at  1.9  K  [1], 
The  magnet  is  energized  by  a  8.5  kA  power  supply;  a 

superconducting  switch 
allows  it  to  operate  in  the 
persistent  mode. 

As  the  critical  current 
of  the  cable  will  generally 
be  in  the  range  of  10-20 
kA,  two  15  kA  supplies 
are  operated  in  parallel  to 
supply  the  cable  test  cur¬ 
rent. 

Figure  2.  Sample  arrangement  In  addition  to  the 

in  the  sample  holder.  power  supplies  and  their 
controls  and  safety  devices 
(quench  detectors  and  fault  detection  circuits),  the  facility 
includes  the  instrumentation  necessary  for  controlling  the 
cryogenic  environment  and  for  measuring  the  critical 
current  of  the  samples  under  test. 

Two  computer  systems  are  used:  1)  a  cryogenic 
system  that  monitors  liquid  helium  levels,  temperatures, 
and  pressures  and  both  sets  and  monitors  the  flow  of 
helium  through  the  gas-cooled  leads,  and  2)  an  experimen¬ 
tal  system  for  controlling  the  sample  power  supply,  taking 
data,  and  storing  data  in  the  SQL  database. 

3  TEST 

The  goal  of  the  short-sample  cable  tests  is  to  deter¬ 
mine  the  transport  critical  current  of  the  samples.  This 
critical  current  is  a  function  of  temperature  and  the 
magnetic  field.  In  order  to  obtain  standardized  results  for 
a  specified  reference  temperature  and  reference  field,  raw 
data  must  be  obtained  for  several  applied  fields  with  the 
samples  at  the  temperature  of  the  helium  bath;  that  is,  one 
acquires  a  set  of  critical  currents,  /c,  at  bath  temperatures, 
Tb,  and  applied  fields,  5a,  for  each  sample. 

By  pairing  samples  which  are  believed  to  have 
similar  properties,  it  is  possible  to  acquire  data  on  two 


samples  simultaneously.  Also,  as  there  are  three  gas- 
cooled  leads  connecting  the  two  sample  pairs  to  the 
sample  power  supplies  (see  Fig.  2),  four  samples  can  be 
tested  in  a  single  cool-down,  with  the  pairs  being  tested 
sequentially. 

To  acquire  the  /c  data,  the  operator  first  sets  the 
current  in  the  dipole  magnet  for  the  desired  applied  field, 
then  connects  the  sample  power  supply  to  the  first  sample 
pair  to  be  tested.  He  then  enters  the  required  information 
into  the  data  acquisition  program  regarding  the  ramp  rate 
and  maximum  current  for  the  ramp  on  the  form  shown  in 
Fig.  3. 


Figure  3.  User  form  for  entering  run  information  . 


Three  high-resolution  volt  meters  are  triggered 
simultaneously  as  the  current  is  ramped  to  obtain  the 
voltage  drops  across  the  two  samples  and  the  current  level 
as  a  function  of  time,  as  shown  in  Fig.  4. 


Cool  Down  3879  Run  002 
Is,  Vsl ,  Vs2  vs.  time 
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Several  sets  of  data  are  obtained  at  different  dipole 
field  levels  for  each  sample  pair. 

4  ANALYSIS  AND  REPORTING 

Once  the  raw  data  have  been  collected,  analysis  can 
begin  on  any  workstation  connected  to  the  network,  since 
all  the  required  information  for  each  run  can  be  extracted 
from  the  database.  On  many  occasions  there  is  consider¬ 
able  electrical  noise  visible  on  the  signals,  primarily  as  a 
result  of  phase  and  voltage  flicker  that  is  produced  by  the 
synchrotron  accelerators  located  nearby.  When  this  is  the 
case,  the  use  of  a  model  and  a  fitting  procedure  allow  the 
value  of  7C  to  be  extracted.  (See  Fig.  5.) 

Coo!  Down  3888  Run  017 
01D98001A-1  AB 
Vs  vs.  Is 


Figure  5.  Noisy  data  and  model  fit  results. 

The  results  of  the  analyses  are  automatically  stored 
in  the  database.  The  reporting  application  then  extracts  this 
information,  converts  the  /c  values  to  /c,’s  (the  critical 
current  at  the  specified  reference  temperature,  7ref),  and 
computes  the  peak  field,  H,  experienced  by  the  sample 
(the  sum  of  the  applied  field  and  the  self-field  [2]).  Then 
the  program  performs  a  linear  fit  to  the  Ia(H)  values  to 
calculate  /ct  at  the  reference  field.  See  Fig.  6. 


Figure  6.  Linear  fit  to  experimental  Ia  results. 

Other  programs  access  the  database  to  create  plain¬ 
text  files  of  results  and  reports  and  then  transfer  these  to 


CERN.  A  web-based  status  page  is  under  development 
which  will  always  be  current,  since  it  uses  Active  Server 
Page  technology  to  obtain  information  directly  from  the 
database  whenever  the  page  is  accessed. 

5  SUMMARY  AND  CONCLUSIONS 

Our  experience  to  date  indicates  that  a  database- 
centered  approach  to  this  data  intensive  cooperative 
program  is  both  practical  and  feasible.  The  state  of 
development  of  commercial  operating  system  components 
for  distributed  applications,  software  development  lan¬ 
guage  tools,  data  analysis  applications,  and  database 
servers  is  sufficiently  mature  that  users  can  develop  and 
maintain  sophisticated  client/server  applications. 

Using  the  database  as  the  organizing  structure  around 
which  software  is  developed  for  carrying  out  the  many 
tasks  of  the  collaborative  effort  unifies  all  the  elements  of 
the  process  and  makes  it  possible  for  the  users  to  have  a 
comprehensive  understanding  of  the  state  of  the  project. 

The  principal  disadvantage  is  that  this  approach 
requires  a  rather  complete  understanding  of  what  kinds  of 
information  are  to  be  collected.  If  there  has  already  been 
considerable  experience  with  the  procedures  that  need  to 
be  carried  out  and  the  difficulties  that  can  possibly  arise  in 
acquiring  and  entering  the  data,  then  this  approach  is 
especially  appropriate.  If,  on  the  other  hand,  there  are 
many  unknowns  regarding  what  data  it  is  necessary  to 
collect  and  what  difficulties  may  occur  in  collecting  the 
data,  a  database-centered  architecture  may  be  less  useful. 
As  all  the  applications  depend  on  the  database  tables,  if  it 
is  necessary  to  frequently  change  the  structures  of  these 
tables  during  the  initial  stages  of  the  project  to  satisfy  the 
requirements  of  one  or  another  of  the  applications,  these 
changes  have  a  cascading  effect  and  may  require  that  other 
applications  be  updated. 

However,  this  is  not  a  fault  of  the  database-centered 
approach  itself,  but  merely  an  indication  of  the  inter¬ 
relatedness  of  the  various  tasks. 

In  general  this  data-driven  method  is  unsuited  for 
new  exploratory  investigations  of  an  open-ended  nature, 
but  is  well  suited  for  organizing  repetitive  experimental 
and  reporting  procedures  of  a  known  complexity. 
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Abstract 

A  system  has  been  developed  for  digitally  detecting 
superconducting  magnet  quenches  in  real  time.  This 
system  has  been  fully  tested  and  is  completely  integrated 
into  a  Vertical  Magnet  Test  Facility  (VMTF)[1]  at  FNAL. 
The  digital  technique  used  for  this  system  relies  on  the 
application  of  digital  signal  processing  (DSP)  algorithms 
running  on  a  native  Motorola  PowerPC  VME  processor. 
The  performance  of  this  digital  system  has  been  shown  to 
be  superior  to  the  analog  technology  typically  used  for 
quench  detection;  i.e.,  it  detects  resistive  voltages  reliably 
at  low  thresholds  with  minimum  delay  and  is  a  more 
flexible  system. 

1  INTRODUCTION 

The  quench  management  system  for  VMTF  has  two 
primary  components:  The  quench  logic  hardware,  and  the 
quench  detection  system.  The  quench  logic  hardware 
controls  the  power  supplies,  the  dump,  and  the  heater 
power  supplies,  while  the  quench  detection  system 
provides  the  quench  trigger  event  for  initiating  the  magnet 
protection  and  data  logging  sequences. 

A  digital  quench  detection  system  was  developed  for 
this  purpose.  Multiple  quench  threshold  values  can  be  set 
for  special  purpose  triggers,  the  channel  configuration  is 
programmable,  it  can  perform  digital  balancing,  and  is 
controlled  through  a  GUI.  The  system  design  will  be 
discussed,  followed  by  the  methods  of  filter  design, 
system  optimization,  and  software  operation. 

2  DIGITAL  QUENCH  DETECTION 
SYSTEM  DESIGN 

A  number  of  analog  voltage  tap  signals  from  the  magnet 
are  converted  to  digital  signals  by  passing  them  through  an 
anti-aliasing  filter  before  conversion  by  an  ADC,  which 
are  then  are  digitally  processed  by  the  CPU.  These 
modules  reside  together  along  with  the  other  quench 
management  hardware  in  the  same  VME  crate  for  fast 
communication. 

The  important  parameters  for  the  real  time  digital 
quench  detection  (DQD)  system  design  include  the  CPU 
load,  the  ADC  performance  specifications,  the  anti¬ 
aliasing  filter  response,  and  the  digital  filter  specifications. 


2.1  The  ADC  Specifications 

The  ADC  used  for  this  system  is  a  16-Bit,  8-channel 
(expandable  to  256  channels),  successive  approximation 
device  with  built-in  sample-and-hold.  Each  channel  has  a 
differential  input  with  a  range  of  +-10V.  The  input 
amplifiers  are  instrumentation  quality  with  four 
programmable  gains  for  each  channel.  The  maximum 
aggregate  conversion  rate  is  409.6  kHz. 

A  VxWorks  driver  was  written  for  this  ADC  in  order  to 
provide  a  means  for  streaming  the  data  to  the  processor. 
The  method  of  streaming  the  data  to  the  VME  processor 
was  optimized  in  order  to  reduce  the  CPU  load  associated 
with  filtering.  Flexible  control  over  sampling,  decimating, 
and  filtering  was  provided. 

2.2  Anti-Aliasing  Filter  Parameters 

Since  the  ADC  chosen  for  this  system  is  a  sample-and- 
hold  device,  an  anti-aliasing  input  filter  was  necessary. 
An  8-Channel,  5th-order,  zero-error,  Bessel  filter  was 
built  for  this  purpose.  The  chosen  cut-off  frequency  was 
lKHz,  and  the  noise  rejection  in  the  stop  band  was 
measured  at  60dB,  though  the  critical  folding  frequency 
actually  occurs  at  ~9KHz  (see  Fig.  1). 

Source  Level:  1.3805  Vpk  Type:  Periodic  Chrp 

CFFT]  Offset:  0  V 

Dote:  11-10-98  Tile:  11:54:88  AH 


A  primary  concern  in  the  design  of  this  system  was  to 
minimize  the  total  group  delay  of  the  signals  used  for 
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making  the  digital  quench  decision.  A  larger  group  delay 
will  result  in  a  longer  delay  of  the  event  that  causes  the 
power  supply  to  ramp  down  after  a  quench.  The  net  effect 
of  this  delay  will  be  to  increase  the  probability  of 
damaging  the  magnet  under  test  due  to  high  voltage  to 
ground,  or  from  excess  ohmic  heating. 

Since  eight  separate  Bessel  filters  were  implemented, 
one  for  each  ADC  input  channel,  the  cut-off  frequency 
was  chosen  high  enough  so  that  filter  matching  was  not  an 
issue  and  the  group  delay  is  kept  to  a  minimum.  The 
group  delay  of  these  filters  was  measured  at  0.23msec. 

2.3  FIR  Filter  Design  Requirements 

The  dominant  source  of  noise  across  the  magnet  coil  is 
generated  by  the  power  supply.  It  can  be  seen  from  Fig.  2 
that  720Hz  is  the  primary  noise  component  measured  in 
the  VMTF  system,  though  there  are  several  other 
nontrivial  components  as  well. 


Frequency  (Hz) 

Figure  2:  FFT  of  the  Unfiltered  Whole  Coil  Signal 

There  are  two  particular  concerns  with  720Hz  noise:  One, 
this  frequency  is  not  attenuated  much  by  the  Bessel  filter; 
and  two,  residual  bucked  noise  can  occur  due  to  small 
phase  differences  between  two  bucked  channels. 

Since  720Hz  should  be  the  only  noise  component 
produced  by  the  power  supply,  action  should  be  taken  to 
attenuate  it.  The  presence  of  any  other  noise  should  be 
removed  at  the  source. 

A  digital  filter  with  a  cut-off  frequency  low  enough  to 
provide  adequate  720Hz  attenuation  was  implemented. 
Since  the  same  digital  filter  would  process  all  eight  ADC 
signals,  all  group  delays  would  be  exactly  matched. 

A  FIR  filter  was  implemented  for  this  reason.  An  IIR 
filter  was  considered  because  the  group  delay  can  be  very 
small.  However,  the  inherent  stability  of  the  FIR  filter 
made  it  more  attractive  —  a  spike  produced  on  a  coil  due 
to  the  discharge  of  a  strip  heater  could  produce  a  false 
quench  trigger  if  the  filter  was  to  become  unstable. 

The  requirements  of  the  FIR  filter  include  the 
following:  One,  attenuate  720Hz  as  much  as  possible;  two, 


keep  the  number  of  taps  to  a  minimum;  and  three, 
minimize  gain  error  and  overshoot. 

2.4  FIR  Filter  Performance  Characteristics 

The  FIR  filter  taps  were  determined  using  the  Parks- 
McClellan  algorithm.  The  desired  sample  rate  was  from 
12KHz  to  18KHz,  so  in  order  to  keep  the  total  group  delay 
down  to  ~  1ms,  forty  taps  or  less  was  required. 

Optimal  design  parameters  were  determined  after 
successive  tests  on  the  filter  using  a  step  response.  The 
design  band  edges  used  were  from  0.0  to  0.0082189  and 
from  0.049565  to  0.5.  The  Band  Gains  were,  Band  1  = 
1.0  and  Band  2  =  0.0,  and  the  Weighting  was,  Pass  band  = 
1.0  and  Stop  Band  =  18.0.  This  optimisation  resulted  in  a 
40-tap  FIR  filter  with  no  overshoot  and  a  0.0003%  gain 
error.  The  attenuation  in  the  Stop-Band  region  is  50dB 
(see  Fig.  3). 


Normalized  frequency  (NyquM  =  1) 

Figure  3:  40-Tap  FIR  Filter  Response 

2.5  Digital  Quench  Detection  Processor 

The  processor  used  for  this  system  is  a  Motorola  PowerPC 
VME  processor  (MVME- 1604-022).  It  is  a  133MHz 
processor  with  16Mbyte  memory,  and  256Kbytes  of  L2 
cache. 

This  processor  communicates  with  all  the  quench 
modules  in  the  quench  management  system  as  well  as 
with  several  other  modules  in  our  distributed  processing 
environment.  It  performs  the  digital  signal  processing 
functions  to  the  streamed  ADC  data,  and  it  provides  the 
quench  management  system  with  the  required  quench 
triggers.  It  performs  filtering,  digital  bucking,  threshold 
checking,  trigger  event  generation,  and  balancing. 

2.6  The  Digital  Quench  Detection  Program 

The  quench  detection  software  was  written  in  ’C’  and  runs 
under  the  VxWorks  (real  time)  operating  system.  Since 
considerable  care  must  be  taken  to  guard  against  quench 
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decision  delays,  separate  cyclic  processes  are  run  in 
parallel  with  very  high  priority.  For  example,  the  data  is 
streamed  from  the  ADC  to  the  CPU  in  arrays  sized  to 
match  the  FIR  filter  tap  size.  The  data  contained  in  these 
arrays  are  sampled  at  some  frequency  >10KHz,  but  the 
arrays  of  data  are  sent  to  the  CPU  at  some  decimated 
frequency,  which  is  set  by  the  user. 

The  quench  process  also  runs  in  parallel  with  a  very 
high  priority.  This  tight  cyclic  process  waits  for  filtered 
data  to  arrive  and  then  sends  the  hardware  a  heartbeat, 
which  is  required  every  8.2msec.  The  quench  process 
then  performs  the  necessary  functions  leading  up  to  a 
threshold  decision  and  then  returns  to  wait  for  more  data 
from  the  ADC. 

2.7  Digital  Quench  Detection  Design 
Optimisation 

Since  the  minimum  sample  rate  of  the  ADC  is  dictated  by 
the  Nyquist  criterion,  a  choice  must  be  made  for  the 
attenuation  magnitude  of  the  alias-free  dynamic  range. 
For  example,  if  the  desired  attenuation  magnitude  were 
60dB,«  then  its  corresponding  frequency  of  9KHz  would 
dictate  a  minimum  ADC  sample  rate  of  18KHz.  A 
reasonable  attenuation  goal  for  this  system  was  thought  to 
be  somewhere  between  50dB  to  60dB.  This  would  dictate 
an  ADC  sample  rate  between  12KHZ  and  18KHz. 

The  final  choice  for  the  sample  rate  was  11,520Hz. 
Since  the  stop  band  response  of  the  FIR  filter  is  50dB, 
there  is  little  to  be  gained,  with  respect  to  the  Bessel  filter, 
from  higher  sample  rates.  Another  good  reason  for  this 
choice  is  that  for  this  sampling  rate,  the  second  attenuation 
peak  in  the  FIR  filter  response  occurs  at  720Hz  (see  Fig. 
3),  resulting  in  78dB  attenuation  of  this  frequency  (see 
Fig.  4). 
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Figure  4:  FFT  of  the  Filtered  Whole  Coil  Signal 


In  addition,  11,520Hz  is  a  common  multiple  of  15Hz, 
which  happens  to  be  present  in  the  power  bus  due  to  an 
external  source  --  the  Booster  Ring.  Therefore,  off-line 
filtering  of  15Hz,  and  many  of  its  harmonics,  is  made 
more  efficient  for  off-line  analysis. 


The  resulting  group  delay  of  the  FIR  filter  associated 
with  this  sample  rate  is  1.6ms.  Including  the  Bessel  filter, 
the  total  group  delay  of  the  system  is  1 .83ms. 

A  decimated  sample  rate  of  1800Hz  was  chosen  based 
on  the  CPU  load.  Since  the  quench  decision  is  based  on 
this  data  rate,  the  time  resolution  is  0.56ms. 

A  typical  plot  of  a  real-time  digitally  detected  quench  is 
shown  in  Fig.  5.  The  peak  noise  spikes  are  ~15mV  at  a 
current  of  12400Amps.  This  is  good  in  comparison  to  the 
threshold  setting  of  300mV. 


Figure  5:  Real  Time  Quench  Detect  —  Bucked  Half  Coils 


3  CONCLUSIONS 

A  Digital  Quench  Detection  system  was  implemented 
using  mostly  commercially  available  components.  By 
optimising  this  system  to  reject  noise  while  minimising 
group  delay,  a  successful  method  of  digitally  detecting 
quenches  was  accomplished. 

The  primary  advantage  to  a  digital  quench  system  is  its 
flexibility.  For  example,  this  system  was  easily  coupled 
with  a  Software  Quench  Detection[2]  system  used  to  test 
High  Temperature  Superconducting  Leads[3].  Also,  since 
it  is  capable  of  generating  multiple  trigger  events,  other 
DAQ  systems  can  be  triggered  at  very  low  trigger 
thresholds  for  special  magnet  studies.  This  system  has 
been  in  operation  for  two  years  and  has  an  excellent 
performance  history. 
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Abstract 

Superconducting  quadrupole  magnets  operating  in  super¬ 
fluid  helium  at'  1 .9  K,  with  70  mm  bore  and  nominal  field 
gradient  of  205  T/m  at  collision  optics,  are  being  devel¬ 
oped  by  the  US  LHC  Accelerator  Project  for  the  Interac¬ 
tion  Regions  of  the  Large  Hadron  Collider  (LHC).  A  mag¬ 
net  model  program  to  validate  and  optimize  the  design  is 
underway.  This  paper  reports  results  of  field  quality  mea¬ 
surements  of  four  model  magnets. 

1  INTRODUCTION 

In  order  to  achieve  a  luminosity  of  1034  cm”2s_1  at  the 
LHC,  special  quadrupole  magnets  are  required  for  the  fi¬ 
nal  focusing  triplets  [1],  These  magnets  must  provide  a 
field  gradient  of  205  T/m  over  a  70  mm  bore  with  sufficient 
cooling  capacity  to  withstand  the  heavy  heat  load  deposited 
by  secondary  particles  from  beam-beam  collisions.  At  the 
same  time,  high  field  quality  is  required  due  to  large  and 
rapidly  varying  values  of  the  /3-function.  A  design  based  on 
two-layer  coil  geometry  has  been  developed  by  a  Fermilab- 
LBNL  collaboration  for  inner  triplet  quadrupoles  (MQXB). 
Five  short  models  (HGQ01-HGQ05)  have  been  fabricated. 
Four  have  been  tested  in  superfluid  helium  at  the  Fermi¬ 
lab  Vertical  Magnet  Test  Facility.  In  this  paper,  field  har¬ 
monics  measured  in  the  magnet  straight  section  and  in  the 
end  regions  are  presented  and  compared  with  calculations 
based  on  as-built  magnet  geometry  and  with  preliminary 
field  quality  specifications. 

2  MAGNET  DESIGN 

Figure  1  shows  the  magnet  cross-section.  The  design  is 
based  on  four  two-layer  coils  connected  in  series,  sur¬ 
rounded  by  collar  and  yoke  laminations.  No  modifications 
to  the  design  cross-section  were  made  during  the  magnet 
model  program,  but  different  coil  shimming  schemes  have 
been  implemented  in  each  model  in  order  to  obtain  the  de¬ 
sired  coil  modulus  and  prestress. 

The  end  regions  underwent  several  design  changes  dur¬ 
ing  the  model  program.  The  five  models  built  have  a  four- 
block  end  configuration.  With  respect  to  the  design  of 
HGQ01,  the  second- wound  group  of  the  outer  coil  was 
shifted  by  2  cm  in  the  positive  z  direction  starting  with 

*  Work  supported  by  the  U.S.  Department  of  Energy. 


HGQ02  to  reduce  the  peak  field  in  the  coil.  A  more  com¬ 
pact  design  for  the  coil  to  coil  joint  in  the  lead  end  was 
introduced  in  HGQ03  and  HGQ05.  A  new  five-block  con¬ 
figuration  will  be  implemented  in  future  models  which  will 
improve  the  mechanical  stability  of  inner  layer  conductors 
during  winding.  The  new  design  also  reduces  the  peak  field 
in  the  coil  and  significantly  improves  end  field  quality. 


3  MEASUREMENT  SYSTEM 

Magnetic  measurements  presented  in  this  paper  were  per¬ 
formed  using  a  vertical  drive,  rotating  coil  system.  Probes 
used  have  a  main  tangential  winding  for  measurement 
of  higher  order  harmonics  as  well  as  specific  dipole  and 
quadrupole  windings  for  measurement  of  the  lowest  order 
components  of  the  field.  These  windings  also  allow  for 
bucking  the  large  dipole  and  quadrupole  components  in  the 
main  coil  signal.  Most  measurements  presented  in  this  pa¬ 
per  were  made  with  a  coil  of  40.6  mm  nominal  diameter 
and  length  82  cm. 

Coil  winding  voltages  are  read  using  HP3458  DVMs. 
An  additional  DVM  is  used  to  monitor  magnet  current. 
DVMs  are  triggered  simultaneously  by  an  angular  encoder 
on  the  probe  shaft,  synchronizing  measurements  of  field 
and  current.  Feed  down  of  the  quadrupole  signal  to  the 
dipole  is  used  to  center  the  probe  in  the  magnet. 
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Table  1 :  Reference  collision  harmonics  for  MQXB 


n 

d(bn) 

<?(bn) 

d{an) 

<r(a„) 

Straight  section  (magnetic  length  4.76/5.56  m) 

3 

.0 

.3 

.8 

.0 

.3 

.8 

4 

.0 

.2 

.8 

.0 

.2 

.8 

5 

.0 

.2 

.3 

.0 

.2 

.3 

6 

.0 

.6 

.6 

.0 

.05 

.1 

7 

.0 

.05 

.06 

.0 

.04 

.06 

8 

.0 

.03 

.05 

.0 

.03 

.04 

9 

.0 

.02 

.03 

.0 

.02 

.02 

10 

.0 

.02 

.03 

.0 

.02 

.03 

Lead  end  (magnetic  length  0.41  m) 

2 

- 

- 

- 

40. 

- 

- 

6 

2. 

2. 

.8 

.0 

.5 

.2 

10 

-.2 

.2 

.1 

.0 

.1 

.1 

Return  end  (magnetic  length  0.33  m) 

6 

.0 

1.2 

1. 

- 

- 

- 

10 

-.25 

.25 

.1 

- 

- 

- 

4  FIELD  QUALITY  ANALYSIS 

In  the  straight  section  of  the  magnet,  the  field  is  represented 
in  terms  of  harmonic  coefficients  defined  by  the  power  se¬ 
ries  expansion 

oo  /  .  -  \  n  — 1 

By  +  iBx  =  B2 10-4  Y,(bn  +  ian)  0) 

where  Bx  and  By  are  the  transverse  field  components,  B2 
is  the  quadrupole  field,  bn  and  an  are  the  2n-pole  coeffi¬ 
cients  (62=104).  The  reference  radius  ra  is  17  mm. 

Table  1  shows  the  reference  harmonics  at  collision  for 
MQXB  magnets  (version  2.0).  For  each  harmonic  com¬ 
ponent,  values  of  the  mean,  uncertainty  in  mean  and  stan¬ 
dard  deviation  are  listed.  This  table  provides  a  common 
reference  for  the  discussion  of  field  quality  issues  from  the 
viewpoint  of  magnet  development,  machine  performance 
and  IR  systems  layout.  The  goal  of  the  R&D  phase  is  to 
converge  on  a  set  of  numbers  satisfacting  these  require¬ 
ments  that  can  be  adopted  as  a  field  quality  specification 
for  magnet  production.  Preliminary  results  of  beam  track¬ 
ing  studies  aimed  at  evaluating  the  impact  of  magnet  field 
errors  on  LHC  dynamic  aperture  indicate  that  the  values 
listed  in  Table  1  are  acceptable  from  the  machine  perfor¬ 
mance  standpoint  [2]. 

Due  to  the  thick  coil  shims  (up  to  450  /tan)  needed  to 
obtain  the  required  pre-stress,  allowed  harmonics  be  and 
bw  were  large  in  HGQ01.  Also,  due  to  80  fim  differ¬ 
ences  in  size  between  inner  coils  used  in  quadrant  1  and 
3  and  those  used  in  quadrant  2  and  4  and  the  corresponding 
adjustments  of  shim  thickness,  non-zero  systematic  values 
appeared  for  harmonic  components  and  a g.  Since  then, 
significant  improvements  have  been  made  in  the  coil  fab¬ 
rication  procedure.  Adjusments  have  been  made  to  curing 
cavity  size,  curing  pressure,  cable  insulation  scheme  and 
bare  cable  size.  The  coil  shim  thickness  was  reduced  by 
about  a  factor  of  2  from  each  magnet  to  the  next,  and  better 


Table  2:  Comparison  of  measured  straight  section  harmon¬ 
ics  (6  kA)  with  calculations  based  on  as-built  parameters. 


n 

HGQ01 

HGQ02 

HGQ03 

HGQ05 

be,  calc. 

-4.24 

-2.86 

-1.39 

-0.08 

be,  meas. 

-3.91 

-1.54 

-1.02 

-0.30 

bio,  calc. 

-0.14 

-0.09 

-0.04 

0.01 

610,  meas. 

-0.10 

-0.10 

-0.04 

0.01 

a4,  calc. 

1.27 

0.94 

0.00 

0.00 

cs4,  meas. 

2.00 

0.53 

0.32 

0.19 

as,  calc. 

0.02 

0.00 

0.00 

0.00 

as,  meas. 

0.02 

0.02 

0.03 

0.00 

uniformity  in  size  and  modulus  from  coil  to  coil  has  been 
achieved  with  field  quality  improving  correspondingly  as 
the  conductor  positions  approach  design  values. 

Table  2  shows  a  comparison  between  measured  har¬ 
monics  and  calculations  based  on  as-built  parameters  for 
the  harmonic  components  b$,  bio,  a4  and  ag.  The  mea¬ 
surements  are  made  at  a  current  of  6  kA  where  all  non¬ 
geometric  components  (conductor  magnetization,  iron  sat¬ 
uration,  conductor  displacement  under  Lorentz  forces)  are 
small.  Calculations  and  measurements  are  generally  in 
good  agreement.  A  reduction  of  the  errors  of  about  one 
order  of  magnitude  is  observed  from  magnet  HGQ01  to 
magnet  HGQ05.  In  magnet  HGQ05,  all  four  harmonics 
are  within  the  uncertainties  specified  by  the  reference  table. 
Table  3  shows  the  measured  straight  section  harmonics  up 
to  the  20-pole  for  all  four  models.  In  magnet  HGQ05,  all 
central  harmonics  are  within  one  standard  deviation  of  the 
random  error  specified  in  Table  1 .  From  the  values  in  Table 
3,  averages  and  standard  deviations  over  the  four  models 
have  been  obtained  for  each  component  (Table  4).  In  the 
attempt  to  eliminate  .the  effect  of  systematic  errors  due  to 
coil  shims,  the  values  for  be,  610,  04  and  as  in  Table  4  have 
been  obtained  after  taking  the  difference  between  measured 
values  and  those  calculated  based  on  as-built  parameters 
(Table  2).  All  average  values  and  standard  deviations  in 

Table  3:  Measured  harmonies  in  straight  section  (6  kA). 


n 

HGQ01 

HGQ02 

HGQ03 

HGQ05 

&3 

0.36 

-0.70 

1.04 

0.72 

64 

0.26 

0.18 

0.14 

0.00 

be 

-0.29 

0.09 

-0.34 

-0.04 

be 

-3.91 

-1.54 

-1.02 

-0.30 

67 

-0.08 

-0.01 

-0.06 

0.01 

bs 

0.06 

0.01 

0.00 

0.00 

b9 

0.04 

0.00 

0.00 

0.00 

bw 

-0.10 

-0.10 

-0.04 

0.01 

03 

0.27 

0.55 

-0.30 

0.12 

a4 

2.00 

0.53 

0.32 

0.19 

05 

0.02 

-0.17 

0.26 

0.05 

06 

-0.08 

0.03 

0.07 

-0.03 

O7 

-0.05 

0.00 

-0.03 

0.01 

08 

0.02 

0.02 

0.03 

0.00 

O9 

0.01 

-0.01 

0.01 

0.00 

O10 

0.02 

0.00 

-0.01 

0.00 
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Table  4:  Average  and  standard  deviation  of  harmonics 


n 

v{bn) 

a{an) 

3 

0.36 

0.76 

0.16 

0.35 

4 

0.15 

0.11 

0.21 

0.47 

5 

-0.15 

0.20 

0.04 

0.18 

6 

0.46 

0.63 

0.00 

0.07 

7 

-0.04 

0.04 

-0.02 

0.03 

8 

0.02 

0.03 

0.01 

0.02 

9 

0.01 

0.02 

0.00 

0.01 

10 

0.01 

0.02 

0.00 

0.01 

Table  4  are  within  the  limits  specified  in  Table  1.  Note  the 
be  result  is  strongly  influenced  by  the  relatively  large  dif¬ 
ference  between  calculation  and  measurements  in  a  single 
magnet  (HGQ02).  Moreover,  one  can  expect  smaller  vari¬ 
ations  in  a  magnet  production  series  than  those  observed  in 
the  first  few  models  of  a  new  design. 

Figure  2  shows  the  measured  dodecapole  in  model 
HGQ05  along  with  calculations  of  geometric  and  dynamic 
effects.  The  magnet  design  provides  good  compensation  of 
the  saturation  and  Lorentz  force  effect,  and  the  total  change 
of  the  mean  dodecapole  between  injection  and  operating 
current  is  very  small.  This  is  actually  the  case  for  all  har¬ 
monics.  In  particular,  the  6  kA  measurements  (Table  3) 
do  not  differ  significantly  from  those  taken  at  higher  cur¬ 
rents.  A  simulation  of  the  conductor  magnetization  effect 
on  the  normal  dodecapole  agrees  very  well  with  HGQ05 
measurements,  assuming  a  systematic  (geometric)  shift  of 
-0.3  units.  The  magnetization  effect  is  similar  for  all  mag¬ 
nets,  as  expected  from  the  uniformity  of  conductor  proper¬ 
ties.  One  exception  is  a  specific  pattern  which  appeared  in 
magnet  HGQ02  and  HGQ03  which  show  a  larger  effect  on 
the  first  cycle  after  quench  than  during  subsequent  cycles. 


Figure  2:  Normal  dodecapole  vs  current  (HGQ05). 

The  ramp-rate  dependent  distortions  of  the  multipoles 
are  weak  (Figure  2),  indicating  a  high  average  cross-contact 
resistance.  Estimations  of  the  cross-contact  resistance 
based  on  AC-loss  measurements  of  HGQ02  and  HGQ03 
yielded  an  average  value  of  approximately  100  /xfl.  No 
systematic  ramp-rate  dependent  patterns  on  the  multipoles 


were  observed.  The  lack  of  systematics  in  the  ramp-rate 
effects  indicates  the  large  spread  of  the  electrical  cross¬ 
contact  resistance  typical  of  cables  made  of  uncoated  cop¬ 
per  strands. 

In  the  magnet  end  regions,  additional  terms  (pseudo¬ 
multipoles)  are  required  in  the  harmonic  expansion  for  the 
local  field.  A  simple  expansion  based  on  Equation  1  can 
however  be  applied  to  the  total  integral  of  the  transverse 
field  across  the  end  region.  The  reference  integration  in¬ 
terval  for  harmonic  coefficients  in  the  magnet  ends  is  de¬ 
fined  to  be  [-0.57,  0.25]  m  for  the  return  end  and  [1.31, 
2.03]  m  for  the  lead  end.  This  matches  the  length  of  the 
measurement  probe.  A  comparison  of  measured  and  calcu¬ 
lated  harmonics  in  the  magnet  lead  end  is  given  in  Table  5. 
Except  for  HGQ01,  1  the  end  harmonics  quoted  in  Table 
5  are  computed  for  the  design  geometry  without  consid¬ 
ering  the  effect  of  coil  shims,  using  program  ROXIE  [3], 
For  magnet  HGQ02  and  HGQ03,  which  used  soft  ULTEM 
end  parts,  thick  mid-plane  shims  were  applied  to  reach  the 
desired  pre-stress,  resulting  in  a  negative  contribution  to 
the  dodecapole.  In  HGQ05,  which  uses  G10  end  parts,  the 
thickness  of  the  end  shims  was  substantially  reduced.  This 
change  in  end  shims,  together  with  the  reduction  of  the  neg¬ 
ative  contribution  from  the  straight  section  be,  contributes 
to  the  positive  jump  in  the  measured  dodecapole  of  HGQ05 
with  respect  to  HGQ03.  Although  the  present  lead  end  be  is 
larger  than  specified  in  the  table  of  reference  harmonics,  a 
reduction  by  about  30%  of  its  systematic  value  is  expected 
after  implementation  of  the  new  5-block  end  design. 


Table  5:  Calculated/measured  harmonics  in  lead  end. 


n 

HGQ01 

HGQ02 

HGQ03 

HGQ05 

be 

3. 1/2.9 

5.514.2 

5.4/3. 8 

5.4/8.0 

bio 

-0.3/-0.3 

-0.3/-0.2 

-0.4/-0.4 

-0.4/-0.2 

CLq 

0.5/0. 1 

0.4/0.2 

-0.1/-0.3 

-0.1/-0.6 

Oio 

-0.1/-0.1 

0.0/0.0 

0.0/0.0 

0.0/0.0 

5  CONCLUSIONS 


Magnetic  measurements  of  MQXB  short  models  confirm 
design  calculations  for  geometric  harmonics,  magnetiza¬ 
tion  and  Lorentz  force  effects.  Refinements  in  magnet  fab¬ 
rication  have  significantly  improved  the  field  quality  from 
each  model  to  the  next.  Observed  current-dependent  ef¬ 
fects  are  small.  The  systematic  and  random  straight  sec¬ 
tion  harmonics  are  within  specifications.  The  systematic 
normal  dodecapole  in  the  lead  end  is  presently  larger  than 
the  value  listed  in  Table  1 ,  but  a  significant  improvement  is 
expected  after  implementation  of  the  new  5-block  design. 
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Abstract 


Fermilab  and  LBNL  are  in  the  midst  of  a 
superconducting  magnet  R&D  program  to  test  and 
optimize  the  design  of  quadrupoles  to  be  used  in  the  LHC 
Interaction  Region  inner  triplets.  The  magnets  are  required 
to  deliver  a  215  T/m  gradient  across  a  70mm  aperture. 
Five  quadrupole  short  models  have  been  fabricated  and 
four  of  them  have  been  tested.  This  paper  describes  the 
last  model  design  details  and  reports  the  results  of  the 
magnet  quench  performance  study. 

1  INTRODUCTION 

Quadrupole  magnets  for  the  LHC  inner  triplets  have  to 
provide  a  nominal  field  gradient  of  205  and  215  T/m  (high 
and  low  luminosity  IRs)  in  a  70  mm  bore,  and  to  operate 
in  superfluid  helium  at  1.9  K.  The  design  of  these 
magnets  has  been  developed  by  the  collaboration  of 
Fermilab,  BNL  and  LBNL  [1-3]. 

A  series  of  2  m  long  model  magnets  (HGQ)  is  being 
built  now  at  Fermilab  to  test  and  optimize  the  design  and 
assembly  method  before  proceeding  to  the  construction  of 
a  full  scale  prototype  magnet.  Three  models  HGQ01-03 
have  each  been  tested  in  two  thermal  cycles.  Model 
HGQ05  is  currently  being  tested  in  a  second  thermal 
cycle.  This  paper  reports  the  design  optimization  and 
summarizes  quench  performance  of  the  HGQ  short  model 
magnets. 

2  DESIGN  OPTIMIZATION 

Magnet  cross-section  is  shown  in  Figure  1.  It  consists 
of  a  two-layer  cos(20)  coil  made  of  Rutherford-type 
cables,  stainless  steel  collar  laminations  and  a  cold  iron 
yoke.  The  details  of  base-line  design  have  been  described 
elsewhere  [2,3], 

The  training  histories  for  the  first  three  models 
HGQ01-03  were  summarized  in  [3],  These  models 
demonstrated  long  and  slow  training  at  4.5  K  and  1.9  K. 
Short  sample  limit  at  1.9  K  has  not  been  reached. 


Work  supported  by  the  U.S.  Department  of  Energy. 
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Figure  1 :  High  Gradient  Quadrupole  cross-section. 

Maximum  achieved  field  gradient  of  -215  T/m  is  close  to 
the  nominal  field  gradient  but  it  is  much  lower  than  the 
magnet  design  gradient  of  250  T/m.  Significant  retraining 
effect  was  observed  on  HGQ03. 

Analysis  of  HGQ01-03  results  showed  that  the 
observed  quench  performance  was  associated  with  several 
manufacturing  and  design  details,  such  as  insufficient  and 
non-uniform  coil  end  and  end-body  transition  prestress, 
low  coil  end  rigidity,  a  significant  difference  of  thermal 
contraction  for  the  Ultem  spacers  and  conductor  in  the 
coil,  longitudinal  instability  of  the  collar  structure. 

Model  HGQ05  included  a  set  of  changes  which 
addressed  the  issues  raised  by  previous  models.  The  most 
important  of  the  changes  from  the  base-line  design 
included  on  HGQ05  are: 

Use  of  G10  as  end  part  material 
Re-cure  of  inner  coil  at  higher  pressure,  resulting  in  a 
higher  inner  layer  elasticity  modulus  and  more 
uniform  inner/outer  coil  mechanical  properties 
A  continuous  body/end  transition,  including 
elimination  of  key  extension 
Welded  75mm  collar  packs  with  pole  filler  pieces 
Aluminum  end  can  assemblies  over  both  ends 
Attachment  of  the  end  cans  to  the  end  plate,  which 
ensures  contact  between  the  coil  ends  and  end  plates 
as  well  as  stretches  the  coil  straight  section  after  cool¬ 
down 
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3  TEST  RESULTS  AND  DISCUSSION 

All  models  have  been  tested  at  the  Fermilab  Vertical 
Magnet  Test  Facility  (VMTF)  [4]  in  normal  and  super¬ 
fluid  liquid  Helium  in  the  temperature  range  of  1.8K-4.5K. 
During  the  quench  performance  study  about  70%  of  the 
stored  energy  were  extracted  and  dissipated  into  external 
dump  resistor.  Each  model  was  instrumented  with  96 
voltage  taps  installed  on  the  inner  and  outer  coils.  Pole 
turns  and  turns  around  wedges  were  instrumented  with 
four  voltage  taps  each  to  distinguish  between  the  coil  end 
and  straight  section  quenches. 

Coil  azimuthal  stress  and  longitudinal  end  force 
measurements  were  made  at  room  temperature  during 
fabrication  and  during  cold  test  in  each  excitation  cycle. 
The  results  for  HGQ05  and  other  models  are  summarized 
in  Table  1 . 

Table  1:  Mechanical  measurement  summary 


Training  results  for  this  magnet  at  4.5  K  and  1.9  K  in 
first  thermal  cycle  are  presented  in  Figure  3. 
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40 


Model 

number 

HGQ 

01 

HGQ 

02 

HGQ 

03 

HGQ 

05 

Azimuthal  prestress  300K 
inner  layer,  MPa 

67 

73 

187 

99 

outer  layer,  MPa 

72 

94 

97 

55 

Azimuthal  prestress  1.9K 
inner  layer,  MPa 

38 

76 

173 

N/A 

outer  layer,  MPa 

58 

84 

102 

49 

Azimuthal  Lorentz  force 
inner  layer,  MPa/kA2 

-0.28 

-0.31 

-0.29 

-0.2 

outer  layer,  MPa/kA2 

-0.13 

-0.15 

-0.13 

-0.13 

According  to  the  strain  gauge  data  no  unloading  of  the 
coil  was  observed  up  to  reached  highest  operating 
currents.  Coil  deformation  by  Lorentz  force  was  elastic  in 
operation  current  range. 


Figure  2:  HGQ05  longitudinal  Lorentz  force. 

Figure  2  shows  a  typical  longitudinal  coil  force 
measurement  for  magnet  HGQ05.  End  longitudinal 
prestress  remained  on  both  ends  after  cooling  down.  The 
slope  of  end  force  with  current  represents  was  about  25% 
of  the  calculated  Lorentz  force. 


Figure  3:  HGQ05  training  results  at  4.5  K  and  1.9  K. 

At  4.5  K  after  short  training  the  estimated  short 
sample  limit  has  been  achieved.  At  1.9  K  only  two 
quenches  were  required  to  reach  a  field  gradient  of  215 
T/m.  When  the  quench  current  reached  95%  of  the  short 
sample  limit  the  training  rate  slowed  and  the  erratic 
quenches  occurred  in  the  inner  coil  turn  adjacent  to  the 
wedge  and  in  the  outer  coil  return  end  next  to  pole  turns. 

Quench  performance  in  first  thermal  cycle  for  the 
HGQ  short  models  is  summarized  in  Table  2.  First  quench 
currents  at  4.5  K  and  1 .9  K  as  well  as  number  of  quenches 
required  to  reach  1 1.5  kA  are  presented. 


Table  2:  Quench  performance  summary 


Model 

number 

Iql(4.5K), 

A 

Iql(1.9K),  A 

N(11.5kA) 

HGQ01 

8776 

10327 

8 

HGQ02 

7365 

9191 

23 

HGQ03 

7057 

10019 

7 

HGQ05 

9553 

10896 

2 

As  it  can  be  seen  a  dramatic  improvement  of  the 
magnet  training  in  HGQ05  at  both  temperatures  4.5  K  and 
1.9  K  was  observed.  The  maximum  gradient  achieved  was 
-240  T/m  which  is  well  above  the  nominal  field  gradient. 
The  magnet  training  memory  will  be  studied  in  the  second 
thermal  cycle. 

The  dependence  of  quench  current  with,  current  ramp 
rate  for  HGQ05  at  1.9  K  is  shown  in  Figure  4.  One  can 
see  two  regions  on  this  curve:  flat,  ramp  rate  independent 
region  at  low  current  ramp  rates  and  region  with 
monotonic  decrease  of  quench  current  with  the  increase  of 
current  ramp  rate.  It  was  found  high  ramp  rate  quenches 
were  determined  by  AC  losses  in  the  cable  near  inter  layer 
splices. 
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Figure  4:  HGQ05  quench  current  ramp  rate  dependance. 


splices.  High  resistive  heating  and  restricted  cable  cooling 
conditions  in  splice  area  can  cause  a  significant  reduction 
of  magnet  quench  current  with  respect  to  its  short  sample 
limit  [5],  Inter-layer  splice  cooling  conditions  will  be 
optimized  in  the  next  models. 

The  measured  and  calculated  quench  currents  at  4.5  K 
and  1 .9  K  are  reported  in  Table  4. 


Summary  of  magnet  ramp  rate  sensitivity  and  coil  After  training  at  1 .9  K  all  magnets  reached  their  short 
curing  temperature  is  reported  in  Table  3.  sample  limit  at  4.5  K.  With  nominal  superconductor 

parameters  the  temperature  margin  at  nominal  operation 
current  for  this  design  is  about  2.3  K. 

4  CONCLUSIONS 

Four  High  Gradient  Quadrupole  short  models  have 
been  fabricated  and  tested  at  Fermilab.  Significant 
improvement  in  magnet  training  at  4.5  K  and  1.9  K  was 
achieved  in  last  model  (HGQ05)  as  a  result  of  the 
optimization  of  design  details  of  magnet  support  structure. 
Test  of  HGQ05  in  a  second  thermal  cycle  continues. 
Although  the  results  obtained  demonstrate  that  the  magnet 
design  can  provide  the  required  quench  performance 
some  further  optimization  is  desirable.  The  short  model 
R&D  program  is  being  re-evaluated  based  on  the  program 
goals  and  results  achieved.  Three  additional  short  models 
are  included  in  the  program  to  complete  design 
optimization. 
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Table  3:  Ramp  rate  sensitivity 


Model 

number 

Coil  curing 
temperature 

Ic(150  A/s), 

A 

Ic(300  A/s), 

A 

HG 

001 

135°C 

11752 

10965 

HG 

002 

190  °C 

- 

11335 

HG 

003 

195°C 

11756 

11298 

HG 

005 

1306C 

13531 

10519 

For  all  magnets  the  quench  current  ramp  rate 
sensitivity  was  low  for  current  ramp  rates  up  to  300  A/s. 
This  ramp  rate  is  an  order  of  magnitude  higher  than  the 
nominal  LHC  current  ramp  rate.  Quench  current  did  not 
depend  on  the  coil  curing  temperature  (interstrand 
resistance  in  the  cable  was  still  quite  high).  Since  the  high 
ramp  rate  quenches  are  observed  near  the  inter  layer 
splices,  the  probable  explanation  for  this  ramp  rate 
dependence  is  the  combination  of  AC  losses  and  cooling 
conditions  in  the  solder-filled  splice  cable. 

The  dependance  of  quench  current  vs.  temperature  for 
HGQ05  is  presented  in  Figure  5.  This  dependence  was 
measured  after  the  completion  of  magnet  test  at  1 .9  K. 
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Figure  5:  HGQ05  quench  current  temperature  dependance. 

The  monotonic  decrease  of  quench  current  with 
temperature  increase  was  observed  at  temperatures  above 
1.9  K.  Quenches  in  the  temperature  interval  2.2-3.0  K 
originated  in  the  outer  layer  coil  near  one  of  the  inter-layer 
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Abstract 

The  protection  system  for  the  superconducting  elements 
of  the  Large  Hadron  Collider  (LHC)  [1]  at  the  European 
Laboratory  for  Particle  Physics  (CERN),  and  its 
associated  equipment  are  presented:  quench  detectors, 
cold  diodes,  quench  heaters  and  related  power  supplies, 
extraction  resistors  and  associated  current  breakers. 
Features  such  as  radiation  resistance,  redundancy  and 
required  reliability  are  discussed. 

1  INTRODUCTION 

The  LHC  enters  into  a  phase  where  construction  started 
and  components  are  being  produced  [2],  Injection  of 
beam  into  the  first  sector  (1/8  of  the  LHC)  is  expected 
for  2003,  and  the  start-up  of  the  completed  machine  is 
foreseen  for  2005.  The  very  flexible  LHC  optics  requires 
a  large  number  of  superconducting  magnet  circuits,  their 
connections  with  superconducting  bus  bars,  and  current 
leads  as  part  of  the  electrical  circuits.  In  total,  about 
8000  magnets  connected  in  1 800  electrical  circuits  will 
be  installed  [3].  All  superconducting  elements  require 
protection  in  case  of  a  quench  or  other  failures  which 
may  perturb  accelerator  operation  or  even  damage 
equipment.  Some  elements  require  a  complex  system, 
and  for  others  the  protection  can  be  fairly  simple 
depending  on  the  design  of  the  elements  and  their 
powering. 

In  this  paper  we  describe  the  elements  of  the  protection 
system  and  the  specific  protection  procedures,  as  well  as 
the  elements  performing  the  monitoring  of  the  integrity 
of  the  system,  and  the  data  acquisition  of  a  large  number 
of  signals  for  analysis. 

Due  to  the  large  stored  energies  in  many  of  the 
circuits,  and  because  of  the  difficulty  accessing  elements 
working  at  cryogenic  temperatures  for  repair,  the 
protection  systems  need  to  be  very  reliable.  Equipment 
will  be  simple  and  robust  to  minimise  maintenance  of  a 
large  number  of  components.  Most  of  the  electronics 
will  be  installed  in  the  LHC  tunnel  and  need  to  be 
radiation  tolerant  at  a  level  of  some  ten  Gy. 

The  following  solutions  for  the  protection  are 
envisaged: 


-  The  main  dipole  and  quadrupole  magnets  operate  at  a 
nominal  current  of  about  12  kA  and  require  protection 
with  quench  heater  strips  on  the  magnet  coils,  cold  by¬ 
pass  diodes  and  extraction  of  energy. 

-  The  quadrupole  magnets  in  insertions  and  matching 
sections  (nominal  current  in  the  range  of  6kA  to  12kA) 
will  be  protected  with  quench  heaters. 

-  544  circuits  with  corrector  magnets  with  a  nominal 
current  of  600A  require  extraction  of  the  energy. 

-  If  an  individually  powered  orbit  corrector  magnet 
quenches,  its  power  converter  must  be  switched  off. 

2  ELEMENTS  OF  THE  SYSTEM 

2.1  Quench  detectors 

Each  main  quadrupole  and  dipole  magnet  will  have  its 
own  protection  system  that  is  fully  redundant  and 
independent  of  other  magnets  (see  Figure  1).  When  a 
quench  is  detected,  the  protection  will  activate  the 
powering  of  the  quench  heater  strips,  shut  down  all 
power  converters  in  the  sector  and  open  the  switches 
across  the  dump  resistors.  For  a  quench  in  a  bus  bar,  the 
system  will  shut  down  the  power  converter  of  the  circuit 
and  open  the  dump  switches  without  firing  heaters. 

The  quench  detection  for  the  dipole  magnets  is  based 
on  floating  bridge  detectors.  The  voltages  across  the  two 
apertures  are  compared.  A  quench  is  detected  if  the 
absolute  voltage  difference  exceeds  a  pre-set  threshold. 
For  the  main  quadrupole  magnets,  the  comparison  will 
be  made  between  two  sets  of  two  poles,  since  the  two 
apertures  of  the  quadrupole  magnets  are  powered 
separately. 

Quenches  in  bus  bars  for  main  dipole  and  quadrupole 
magnets  are  very  unlikely,  as  they  are  installed  in 
regions  of  low  field,  protected  from  direct  radiation  and 
highly  stabilised  with  copper.  It  is  sufficient  to  detect 
any  resistive  growth  on  long  stretches,  using  differential 
signals.  Where  possible,  redundant  detection  will  be 
performed  with  voltage  taps  at  the  cold  side  of  the 
current  leads  feeding  the  circuit. 

For  most  of  the  circuits  with  corrector  and  insertion 
magnets,  the  voltage  at  the  bottom  of  the  current  leads 
will  be  measured  to  detect  a  quench. 
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Figure  1:  Block  diagram  for  the  protection  system  of  the  LHC  main  magnets. 


The  protection  of  current  leads  (800  pairs)  using  high 
temperature  superconductors  depends  on  the  quench 
propagation  velocity.  At  a  later  stage  it  will  be  decided  if 
they  can  be  included  into  the  global  protection  schemes 

2.2  Quench  heaters  and  their  discharge  supplies 

The  quench  heater  strips  are  sandwiched  composites 
made  of  two  layers  of  polymide-epoxy  glue  embedding 
stainless  steel  strips.  In  order  to  limit  the  discharge 
voltage  the  strips  are  copper  plated  (a  few  micrometer 
copper  thickness)  to  heat  only  a  part  of  a  strip  [4]. 

Powering  of  quench  heaters  will  be  performed 
discharging  capacitor  banks  by  triggering  thyristors  in 
series  with  the  strips.  The  heater  discharge  units  will 
contain  two  banks  of  3  capacitors  connected  in  parallel. 
The  capacitors  will  be  operated  at  75%±5%  of  their 
rated  voltage  leading  to  an  increased  lifetime  and  a 
lower  leakage  current.  The  thyristors  (SCR)  foreseen  for 
the  power  supplies  are  intentionally  overrated  in  order  to 
cope  with  irradiation  induced  changes  of  the  device 
parameters. 

Besides  the  power  part,  the  heater  power  supply  units 
require  an  interface  to  the  Acquisition  and  Monitoring 
Controllers  (see  below)  in  order  to  monitor  their 
status  [5], 

2.3.  Cold  Diodes 

The  high-current  silicon  diodes  of  the  diffusion  type 
connected  in  parallel  to  the  superconducting  magnets 
will  operate  inside  the  magnet  cryostat  at  a  temperature 
of  1.9K.  The  quadrupole  diodes  have  to  withstand  safely 
an  estimated  dose  of  about  400Gy  and  neutron  fluence  of 
about  2.4  1012n/cm2  during  20  years  of  operation.  For  the 
dipole  diodes  a  dose  of  about  60Gy  and  a  neutron 


fluence  of  about  3.0  10"  n/cm2  has  been  estimated  [6].  In 
case  of  a  resistive  transition  in  the  superconducting 
magnet,  the  turn-on  voltage  of  the  diode  is  exceeded  and 
the  current  commutates  from  the  quenched  magnet  to  the 
diode  during  the  de-excitation  of  all  magnets  in  the 
circuit. 

One  by-pass  diode  will  be  installed  across  each  twin- 
aperture  dipole  magnet.  As  focusing  and  de-focusing 
quadruples  will  be  powered  separately,  each  single 
quadrupole  aperture  requires  a  diode.  The  two  diodes 
assembled  in  one  pack  are  galvanically  separated.  Each 
diode  package  must  be  able  to  conduct  an  ultimate 
current  pulse  of  13kA  peak  with  a  nominal  decay  time 
constant  of  about  100s  for  the  dipole  circuit,  and  about 
40s  for  the  quadrupole  circuit  respectively.  The  heat 
sinks  have  to  absorb  an  energy  of  about  1.5MJ  for  a 
dipole  diode;  and  0.7MJ  for  a  quadrupole  diode.  The 
diodes  have  to  operate  within  a  temperature  range  of 
1.8K-450K,  withstand  the  associated  thermal  stresses, 
and  continue  to  operate  reliably  after  several  cold-warm 
cycles. 

Before  installation,  all  diode  packages  will  be  tested  at 
liquid  helium  temperature.  As  the  differences  of  the 
electrical  characteristics  between  1.9K  and  4.2K  are 
rather  small,  most  tests  will  be  carried  out  at  4.2K.  Only 
a  few  of  the  series  diode  assemblies  will  be  tested  at 
1.8K  to  verify  their  turn-on  characteristics. 

2.4  Data  acquisition  and  monitoring 

The  controllers  for  data  acquisition  and  monitoring 
(AMC)  will  monitor  the  status  of  the  protection  system, 
allow  for  powering,  and  acquire  data  for  both  on-line 
and  post-mortem  analysis  (magnet  voltages,  quench 
detector  signals,  signals  from  the  heater  power  supplies). 
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The  AMC  units  are  continuously  acquiring  the  signals 
and  storing  them  in  a  circular  buffer.  When  a  quench  is 
detected,  the  acquisition  continues  during  a  defined  short 
period  of  time  and  then  stops.  On  request  the  data  is  sent 
to  the  operators  allowing  the  analysis  of  the  event. 

The  integrity  of  the  protection  system  is  monitored,  for 
example  if  heater  discharge  units  are  not  correctly 
charged,  heater  discharge  units  are  not  fired,  or  failures 
of  quench  detectors.  If  an  error  is  detected,  the  operators 
will  be  informed. 

In  terms  of  monitoring  and  data  acquisition,  each 
machine  sector  will  be  sub-divided  into  5  zones,  each 
having  about  60  AMC  systems  and  connected  via  a  field 
bus  to  an  intermediate  controller  (WAN-PLC).  This 
controller  acts  as  a  bridge  between  the  AMC  units  and 
the  Control  Room  (see  Figure  1).  In  order  to  minimise 
cost  and  development,  it  has  been  decided  to  use  a  PLC- 
like  structure.  This  allows  to  have  an  Off-The-Shelf 
system,  with  only  the  program  to  be  developed  at  CERN. 
Each  unit  will  have  a  Data  Memory  exceeding  48Kbytes, 
an  acquisition  cycle  less  than  10ms,  and  analogue  inputs 
with  an  accuracy  of  10  bits.  For  the  communication 
protocol  PROFIBUS  will  be  used. 

Since  the  electronics  will  be  installed  in  the  tunnel, 
tests  will  be  performed  to  qualify  components  for 
radiation  tolerance  before  final  selection. 

3  ENERGY  EXTRACTION 

For  a  fast  de-excitation  in  the  case  of  a  quench,  many  of 
the  magnet  chains  will  be  equipped  with  external  energy 
extraction  systems  with  mechanical  circuit  breakers  and 
energy-absorbing  dump  resistors. 

The  1.33  GJ  of  stored  energy  in  the  dipole  magnets  of 
each  sector  will  be  extracted  into  two,  symmetrically 
placed  energy  dump  facilities,  inserted  in  series  with  the 
two  half-chains.  This  configuration  limits  the  maximum 
voltage  to  ground  to  500V;  it  halves  the  energy  deposit 
in  each  resistor  unit  and  allows  symmetrical  grounding 
of  the  power  circuit  (the  mid-point  of  the  mid-arc  dump 
resistor).  Transfer  function  analysis  of  the  chains  has 
shown  that  this  grounding  concept  provides  important 
advantages  for  ripple,  ramping  and  transient  phenomena. 
The  resistance  value  (75mQ  each  unit)  limits  the 
maximum  current  decay  rate  to  -125A/s.  Four  4.5kA 
D.C.  circuit  breakers  will  carry  the  current,  fed  from  a 
current-equalising  bus-way.  Each  cluster  of  breakers 
consists  of  eight  individual  units,  with  two  breakers  in 
series  for  redundancy.  Each  breaker  has  two  independent 
release  mechanisms  (no-volt  coil  for  slow  opening  and 
current  impulse  for  fast  release).  The  low-inductance 
dump  resistors  incorporate  a  forced  air-to-water  heat 
exchanger,  as  heat  dissipation  into  the  tunnel  air  is 
inadmissible.  Their  cooling  time  is  approximately  one 
hour. 

A  single  extraction  system  is  foreseen  for  each  of  the 
quadrupole  chains.  The  dump  resistance  values  are 


l.lmQ.  and  6.6mQ,  which  give  a  maximum  decay  rate 
of  -325A/s.  The  same  breakers  as  for  the  dipole  magnets 
are  used. 

4  RADIATION  TOLERANT  EQUIPMENT 

The  equipment  installed  in  the  tunnel  includes  capacitor 
discharge  power  supplies  for  firing  the  quench  heaters, 
quench  detectors,  breaker  control  electronics,  data 
acquisition  systems,  programmable  logic  controllers 
(PLC)  and  interfaces  to  field  buses.  Due  to  beam  losses 
and  interactions  with  the  residual  gas  in  the  beam  tube 
this  equipment  will  be  exposed  to  radiation  (order  of 
magnitude:  1  to  lOGy  per  year)  during  LHC  operation. 
The  test  of  all  these  devices  under  conditions  similar  to 
those  expected  in  LHC  are  performed  in  the  newly 
created  irradiation  test  zone  in  the  northern  fixed  target 
area  of  the  CERN  SPS  accelerator  [7].  The  dose  rate  in 
this  area  is  about  lOGy  per  week  corresponding  to  a  fast 
neutron  fluence  of  some  10"  n/cm2.  The  zone  is 
equipped  with  cable  connections  to  a  local  control 
allowing  for  dynamic,  on-line  measurements  of 
components  and  radiation  levels. 

In  a  first  step  the  main  components  of  the  heater 
discharge  power  supplies,  namely  capacitors  and 
thyristors,  shall  be  qualified  with  respect  to  radiation 
tolerance,  ageing  and  environmental  influences. 
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Abstract 

String  1,  with  one  twin  aperture  quadrupole  and  three 
twin  aperture  10-m  dipoles  (MB1,  MB2  and  MB  3) 
powered  in  series  and  operating  at  1.9  K,  has  recently 
been  dismantled  after  four  years  of  operation  interrupted 
by  technical  stops  and  shutdowns  for  upgrading  or 
exchanging  equipment.  Following  the  validation  of  the 
main  LHC  systems  (cryogenics,  magnet  protection, 
vacuum,  powering  and  energy  extraction)  the 
experimental  programme  was  oriented  towards  the 
optimisation  of  the  design  and  the  observation  of 
artificially  induced  fatigue  effects. 

The  design  study  for  String  2  has  been  completed.  This 
facility,  which  will  be  commissioned  in  December  2000, 
is  composed  of  two  LHC  half-cells  each  consisting  of 
one  twin  aperture  quadrupole  and  three  15-m  twin 
aperture  dipoles.  A  cryogenic  distribution  line  housing 
the  supply  and  recovery  headers  runs  parallel  to  the 
string  of  magnets.  An  electrical  feedbox  is  used  to 
power,  with  high  temperature  superconductor  current 
leads,  the  circuits  as  in  the  regular  part  of  an  LHC  arc. 
This  paper  reviews  the  experiments  carried-out  with 
String  1  and  summarises  the  results  obtained  after  more 
than  12800  hours  of  operation  below  1.9  K  and  172 
quenches.  It  also  describes  the  layout  and  the 
components  of  String  2  and  explains  the  objectives 
pursued  by  its  designers. 

I  STRING  OPERATION 

The  facility  was  operated  between  December  1994  [1] 
and  December  1998.  During  this  time,  the  magnets 
experienced  172  quenches.  144  were  provoked  by  firing 
quench  heaters.  70  quenches  were  above  nominal  current 
(12.4  kA).  The  magnets  remained  excited  at  nominal 
current  for  314  hours  [2]. 

Each  cool-down  lasted  3  to  5  days  depending  on  the 
limitations  imposed  on  temperature  gradients  across 
individual  magnets.  Following  a  quench,  automatic 
procedures  took  6  to  12  hours  to  cool-down  the  magnets 
from  approximately  30  K  [3,4],  The  temperature  of  the 
magnets  was  controlled  by  a  Joule-Thomson  valve  with 
very  stringent  operational  constraints  (0.025  K  control 
band)  imposed  by  the  superconducting  magnets 
characteristics,  the  capacity  of  the  cryogenic  system,  the 
variability  of  heat  loads  and  the  accuracy  of 
instrumentation  (±  0.01  K). 


Model-based  predictive  control  (MBPC)  algorithms  were 
investigated  in  order  to  obtain  a  narrower  control  band 
compared  to  standard  PID  control  loops  [5,6], 
Preliminary  results  were  encouraging  but  the 
temperature  operational  range  was  limited  because  only 
linear  approximations  of  the  process  were  used.  Future 
developments  are  the  implementation  of  non-linear 
models  into  the  MBPC  controller.  Before  being  able  to 
power  the  magnets  an  in-situ  calibration  of  the 
temperature  sensors  was  necessary.  The  observed 
reproducibility  between  sensors  was  better  than  0.01  K 
and  no  degradation  was  measurable  during  the  4  years  of 
operation. 

The  String  was  controlled  and  monitored  [7]  from  a 
dedicated  control  room  but  could  be  controlled  from  any 
remote  terminal  with  appropriate  privileges.  Over  600 
process  variables  were  archived  during  the  lifetime  of 
the  String  every  second  and,  transients  on  voltage  taps, 
quench  detectors,  pressure,  etc.  were  recorded  with  a 
resolution  of  up  to  one  millisecond.  The  data,  over  500 
million  values,  is  available  for  analysis  via  the  Web. 

A  few  incidents  occurred  during  the  lifetime  of  String  1 . 
The  epoxy-glass  fiber  rod  connecting  the  actuator  to  the 
closing  inset  of  a  valve  disconnected:  the  valve  was 
replaced  without  completely  warming-up  the  magnets. 
All  the  voltage  taps  of  one  aperture  of  the  quadrupole 
disconnected  during  a  quench.  Reconfiguration  of  the 
quench  detection  system  allowed  the  continuation  of  the 
operation.  Several  quench  heater  power  supplies  (one  per 
year)  failed  and  were  replaced.  A  mains  power  cut 
occurred  during  unattended  operation.  The  emergency 
procedures  which  had  been  put  in  place  were  executed 
thus  preventing  any  damage. 

2  EXPERIMENTS 

Six  experimental  runs  were  conducted  [8,9].  Operating 
modes  of  the  superfluid  helium  cooling  loop  in  co¬ 
current  and  counter-current  flow  were  explored.  The 
counter-current  mode  was  abandoned  because  of  flow 
capacity  limitations.  The  intensive  testing  on  the 
superfluid  helium  cooling  loop  permitted  to  validate  the 
performance  and  sizing  rules  of  the  bayonet  heat 
exchanger  for  transporting  linear  heat  loads  in  the  W  m'1 
range  over  the  distance  of  several  tens  of  metres. 
Experiments  on  thermohydraulics  of  quenches  [10,11] 
permitted  to  establish  and  validate  a  model  representing 
the  physical  process  of  heat  deposition  from  the  magnet 
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coil  to  the  superfluid  helium  bath  and  subsequent 
pressure  rise.  Experiments  were  performed  to  understand 
the  propagation  of  a  quench  [11,12],  The  first 
experiments  were  performed  by  firing  the  quench  heaters 
for  the  quadrupole  magnet.  In  this  case  the  mechanism 
for  quench  propagation  after  40-70  s  is  thermal 
conduction  through  the  main  bus-bar.  Since  the  energy 
stored  in  a  dipole  magnet  exceeds  the  energy  in  a 
quadrupole  magnet  by  about  one  order  of  magnitude,  the 
experiments  were  repeated  by  quenching  the  third 
dipole.  These  experiments  have  shown  that  the 
mechanism  of  heat  propagation  through  the  helium 
dominates  over  the  quench  propagation  by  solid 
conduction  via  the  bus-bars.  During  the  series  of 
experiments  the  magnet  current  and  the  opening  pressure 
of  the  valves  were  varied.  The  thermohydraulic 
propagation  through  the  helium  can  be  slowed  down  by 
increasing  the  opening  pressure  of  the  quench  relief 
valves.  The  number  of  magnets  to  which  a  quench  can 
propagate  has  been  found  to  be  limited  to  a  few  units, 
thus  having  no  significant  impact  on  the  cryogenic 
recovery  time,  the  helium  inventory  and  exergy 
recovery. 

Experiments  on  the  insulation  vacuum  have  shown  that 
the  intermittent  operation  of  cold  cathode  gauges  during 
thermal  transients  can  significantly  extend  their  lifetime, 
and  the  use  of  turbomolecular  pumps  minimises  natural 
warming  of  magnet  cold  masses  during  cryoplant 
stoppages.  In  addition,  experiments  have  been  made  on 
the  beam  vacuum  system  to  quantify  the  very  slow 
propagation  speed  of  a  helium  leak  along  in  the  1.9  K 
tubes. 

3  THE  SHUTDOWNS 

A  number  of  shutdowns  took  place  to  modify  the 
configuration  of  String  1  and  add  or  repair  equipment  or 
instrumentation  [13].  During  the  first  shutdown  (June 
1995)  a  third  dipole  and  a  vacuum  barrier  in  the 
insulation  vacuum  were  added.  During  the  second 
shutdown  (June  96),  a  total  of  22  modifications  or 
interventions  were  carried  out:  they  ranged  from  the 
repair  or  installation  of  instrumentation  for  cryogenics 
and  vacuum,  the  installation  of  a  cold  diode  and  to  the 
replacement  of  a  dipole.  The  main  reason  for  the  third 
shutdown  (December  97)  was  the  installation  of  a  tube 
containing  a  prototype  auxiliary  bus-bar  cable.  This  tube 
ran  in  one  of  the  apertures  of  the  String  from  the  front  of 
MB1  to  the  rear  of  MB3  and  was  hydraulically 
connected  to  the  cold  mass  of  MB3.  A  ceramic  leak  tight 
feedthrough  was  installed,  for  the  first  time  in 
operational  conditions,  to  route  the  signal  wires  for  the 
temperature  sensors  and  the  voltage  taps  out  of  the  1 .9  K 
bath. 

Leaks  in  the  beam-screen  capillary  had  prevented  the 
connection  of  the  beam  screens  to  the  cooling  circuit 
during  the  previous  shutdown.  The  opportunity  of  this 


shutdown  was  taken  to  install  a  cryogenically  cooled 
beam-screen  in  the  other  aperture  of  MB3.  The  leaks, 
resulting  from  the  use  of  brazing  fluxes  for  low 
temperature  brazing  on  thin  wall  stainless  steel,  occurred 
at  two  other  locations  in  the  insulation  vacuum  on 
similar  components.  Future  use  of  brazing  flux  on  LHC 
components  will  be  prohibited. 

The  initial  installation,  together  with  the  three 
shutdowns,  permitted  the  development  of  detailed  leak 
test  procedures  for  the  beam  and  insulation  vacuum 
systems. 

4  THE  ELECTRICAL  AND  THERMAL 
CYCLING 

Part  of  the  experimental  program  was  devoted  to 
artificially  inducing  fatigue  to  components  of  String  1 
and  their  interconnects.  This  was  achieved  by 
electrically  cycling  the  String  between  injection  (800  A) 
and  nominal  current  (12.4  kA)  and,  thermally  cycling  the 
magnets  either  between  room  temperature  and  1.9  K  or 
between  room  temperature  and  100  K. 

During  the  first  electrical  cycling  campaign,  the  ramp 
rates  (10  A/s)  were  similar  to  those  which  will  be 
experienced  by  the  magnets  during  the  acceleration 
phase.  Assuming  200  days  of  operation  per  year  and  one 
injection  per  day,  the  experiment  simulated  10  years  of 
operation  of  the  collider.  During  a  second  campaign  a 
year  later,  faster  ramp  rates  (25  and  -50A/s)  as  well  as 
longer  cycles  leaving  the  magnets  at  nominal  current  for 
6  hours  were  executed.  In  total  the  magnets  experienced 
the  3275  cycles. 

After  the  first  electrical  cycling  campaign,  one  of  the 
dipoles  exhibited  an  erratic  quench  behaviour  when 
pushed  to  natural  quench  well  above  nominal  current 

[14] .  In  order  to  avoid  compromising  the  experimental 
program,  it  was  decided  to  exchange  the  dipole  and 
measure  it  on  the  magnet  test  bench.  These 
measurements  confirmed  the  erratic  quench  behaviour 
but  failed  to  highlight  the  reason  [15].  In  an  attempt  to 
understand  its  behaviour,  the  magnet  is  currently  being 
disassembled. 

In  addition  to  the  6  thermal  cycles  due  to  shutdowns  and 
technical  stops,  9  further  thermal  cycles  were  carried 
out.  During  the  last  cool-down  the  constraint  of  70  K  on 
the  temperature  gradients  across  individual  magnets  was 
removed  and  the  cool-down  from  room  temperature 
started  with  a  forced  flow  of  gaseous  helium  at  90  K. 
Following  the  cycling  experiments,  no  other  damage  to 
the  magnets  or  their  interconnects  was  observed. 

5  STRING  2 

String  2  has  the  same  layout  as  a  LHC  cell  in  the  regular 
part  of  an  arc  and  follows  the  curvature  of  the  tunnel 

[15] .  The  first  half-cell  starts  with  a  Short  Straight 
Section  (SSS),  which  is  connected  to  the  cryogenic  line 
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and  is  followed  by  three  15-m  dipoles.  Following  the 
simplified  cryogenic  scheme,  the  second  half-cell  is  not 
connected  to  the  cryogenic  line. 

An  electrical  feed  box  which  supplies  current  to  17  of 
the  21  electrical  circuits  of  String  2  precedes  the  first 
half-cell.  The  four  remaining  circuits  are  locally 
supplied  from  current  leads  installed  on  the  SSSs. 

Each  SSS  contains  a  3.10  m.  twin  aperture  quadrupole, 
the  twin-aperture  nested  sextupole-dipole  magnet  and 
two  single  aperture  octupole  lattice  corrector  magnets. 
The  technical  service  module  of  both  SSSs  contains  the 
beam  position  monitors,  the  protection  diodes  for  the 
quadrupole  magnets  and  the  cold  mass  instrumentation 
capillaries.  In  the  first  SSS,  the  technical  service  module 
includes  a  vacuum  barrier,  the  jumper  connection  to  the 
separate  cryogenic  line  and  the  helium  phase  separator 
for  the  full  cell. 

The  performance  of  the  cryogenic  system  with  the 
separate  line  and  its  connection  every  cell  to  the  collider 
will  be  measured  for  the  first  time  with  real  loads,  with 
the  new  cylindrical  bayonet  heat  exchanger  and  in  a 
portion  of  the  machine  which  is  installed  in  a  horizontal 
plane.  The  thermohydraulics  of  quenches  with  the  new 
configuration  and  pressure-settings  of  the  quench  relief 
valves  (two  per  cell)  will  be  observed. 

The  presence  of  several  independently  powered 
electrical  circuits  will  allow  the  investigation  of  their 
mutual  influence  during  normal  operation  and  in  case  of 
quench.  Furthermore,  techniques  for  tracking  the  main 
dipole  magnets  as  well  as  their  correctors  during 
transients  will  be  studied.  The  final  design  of  the  tube 
external  to  the  magnet  cold  mass  routing  the  auxiliary 
bus-bars  will  be  tested  in  real  operating  conditions  and 
installation  aspects  of  the  cables  inside  the  tube  will  be 
verified.  Operational  experience  will  be  gained  with  a 
prototype  of  the  d.c.  breaker  facility  which  is  foreseen 
for  the  LHC  machine. 

The  design  of  the  magnet  protection  system  with 
individual  magnet  quench  detection  and  heater  control 
systems  will  be  validated. 

Results  of  dipole-to-dipole  quench  propagation 
experiments  performed  with  String  1  will  be  verified 
with  the  different  and  final  dipole-to-dipole  mechanical 
and  hydraulic  interface,  as  well  as  with  the  larger 
inductance  of  the  final  coils.  Quench  propagation  from 
main  magnet  to  corrector,  dipole  to  quadrupole,  central 
dipole  to  neighbouring  dipoles  and  half-cell  to  half-cell 
will  be  studied. 

The  beam  vacuum  will  be  fully  equipped  with  beam 
screens,  intermagnet  RF  junctions  and  beam  position 
monitors  (BPM).  It  will  be  assembled  according  to  UHV 
procedures.  In  order  to  simulate  proton  beam  heating 
effects,  heaters  will  be  attached  to  beam  screens  and 
BPMs.  Experiments  with  vacuum  barriers  present  within 
the  separate  cryogenic  line,  in  the  magnet  string  and 
between  the  string  and  the  cryogenic  line  will  be 


conducted.  The  cooling  of  the  beam  screens  installed  in 
each  half-cell  and  independently  controlled  will  be 
studied  and  validated. 

Last  but  not  least,  String  2  will  offer  a  unique  occasion 
to  rehearse  the  assembly  and  exchange  sequences  and  to 
verify  the  assembly  procedures  foreseen  for  each  step  of 
the  interconnection  of  magnets  as  well  as  the  exchange 
of  a  diode  or  instrumentation. 

In  addition  to  these  studies  which  will  be  conducted  for 
the  first  time,  a  number  of  experiments,  measurements  or 
exercises  which  already  took  place  with  String  1  will  be 
repeated  either  to  confirm  the  results  obtained  or  to  test 
newly  developed  versions  of  an  already  verified/tested 
component. 

String  2  will  provide  the  operations  crews  with  valuable 
experience  in  view  of  running  the  superconducting 
collider. 
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A  METHOD  TO  EVALUATE  THE  FIELD-SHAPE  MULTIPOLES 
INDUCED  BY  COIL  DEFORMATIONS 

P.  Ferracin,  W.  Scandale*.  E.  Todesco,  P.  Tropea,  CERN  -  LHC  Division,  Geneva,  Switzerland 


Abstract 

A  semi-analytical  method  to  evaluate  the  effect  of  coil  de¬ 
formations  on  the  field-shape  imperfections  of  the  LHC 
dipole  is  presented.  The  deformation  induced  by  the  col¬ 
laring  procedure  and  by  the  thermal  stresses  is  evaluated 
numerically  with  a  finite  element  code.  The  vector  field  of 
mechanical  displacements  is  approximated  with  truncated 
Taylor  and  Fourier  series.  The  fitting  function  agrees  with 
the  numerical  data  to  within  less  that  10  pm.  The  decom¬ 
position  in  modes  of  the  truncated  series  permits  identifi¬ 
cation  of  displacements  which  are  dangerous  for  the  multi¬ 
polar  content  and  how  they  could  be  cured.  An  application 
to  compare  two  designs  of  the  LHC  dipole  is  given. 

1  THE  LHC  DIPOLE  MODEL 

In  this  paper  we  deal  with  the  field  quality  evaluation  in 
the  LHC  main  superconducting  dipoles  [1].  The  magnet 
cross  section  should  optimize  field  quality  to  obtain  a  suffi¬ 
ciently  constant  magnetic  field  to  provide  a  wide  dynamic 
aperture  for  the  beam  [2].  Indeed,  the  nominal  design  may 
be  difficult  to  reach  under  realistic  conditions,  and  coils  can 
be  deformed  by  either  manufacturing  forces  or  tolerances 
in  the  mechanical  parts  (see  for  instance  [3]).  In  this  paper 
we  analyse  the  effect  of  deformations  due  to  manufacturing 
and  we  develop  a  formalism  to  work  out  the  dependence  of 
the  multipolar  coefficients  of  the  field  expansion  on  the  de¬ 
formations. 

Mechanical  models  have  been  already  used  to  evaluate 
the  displacement  of  the  LHC  dipole  coils  induced  by  manu¬ 
facturing  and  thermal  effects.  The  present  model  considers 
one  quarter  of  the  two-in-one  dipole,  i.e.  half  aperture,  with 
an  up-down  symmetry  that  allows  only  normal  multipoles, 
and  a  left-right  symmetry  that  imposes  the  same  multipoles 
on  both  apertures.  Computations  are  carried  out  at  1 .9  K , 
and  at  the  injection  energy  where  the  problem  of  the  field 
quality  is  more  relevant.  The  coil  prestress  in  the  midplane, 
at  1.9  K  is  fixed  at  40  MPa. 

The  finite  element  code  ANSYS  [4]  provides  the  field  of 
deformations  induced  in  the  superconducting  coil.  A  For¬ 
tran  code  (ANSIA  [5])  produces  displaced  coordinates  for 
each  conductor  in  a  format  compatible  with  ROXIE  [6]. 
The  latter  evaluates  the  magnetic  field  as  a  multipolar  ex¬ 
pansion.  The  model  used  to  carry  out  the  magnetic  com¬ 
putations  only  considers  the  effect  of  deformations  on  the 
nominal  geometry;  the  contribution  due  to  iron  deforma¬ 
tions  can  be  assumed  to  be  negligible. 

The  mechanical  model  includes  the  nonlinear  elasticity 
of  the  coil  [7,  8]  as  obtained  from  experimental  data  [9]. 
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Particular  care  was  taken  in  preparing  the  representation 
of  the  elastic  modulus  of  the  copper  wedges  and  insula¬ 
tion,  that  are  considered  a  unique  material  in  the  model. 
Our  computations  show  that  the  multipoles  exhibit  a  strong 
dependence  on  mechanical  deformations.  Experiments  to 
verify  our  results  are  in  preparation. 

2  TOOLS  FOR  THE  DEPENDENCE  OF 
MULTIPOLES  ON  DEFORMATIONS 

The  deformation  is  a  field  of  2D  vectors  that  is  evaluated 
through  the  finite  element  code  ANSYS  on  a  finite  set  of 
nodes  in  a  2D  space  (the  magnet  cross  section).  Since  this 
vector  field  is  rather  smooth,  we  propose  to  parametrize  the 
deformations  by  interpolating  them  with  low-order  Taylor 
and  Fourier  series.  In  this  way  all  the  information  relative 
to  the  deformations  can  be  reduced  to  a  few  coefficients, 
thus  simplifying  the  analysis  of  the  relation  between  de¬ 
formations  and  multipoles.  We  numerically  estimate  the 
influence  of  single  deformation  modes  on  the  multipoles, 
thus  identifying  the  most  dangerous. 

Since  deformations  are  implemented  in  ROXIE  as  shifts 
in  the  position  of  the  inner  part  and  of  the  outer  part  of 
the  conductor,  we  consider  a  field  of  deformation  defined 
over  four  radii  (ri,r-2,r3,r4)=(28,  43.4,  43.9,  59.3)  mm 
that  surround  the  inner  and  the  outer  layers  of  the  coils;  the 
field  then  depends  on  the  discrete  variable  r*  and  on  the 
continuous  angular  variable  cf>.  Deformations  are  then  de¬ 
composed  into  a  radial  drfc,  4>)  and  a  tangential  dp(rl ,  <fi) 
component. 

Radial  deformations  are  well  interpolated  by  the  sum  of 
the  first  orders  of  an  even  Fourier  series  in  the  azimuthal 
variable  <j> 

K 

dr(n,(j))  =  '^2  ak,iCos(k<j))  i  =  1,4. 

k=0 

Here  the  index  i  runs  over  the  four  concentric  circles  that 
surround  inner  and  outer  coils,  and  k  runs  over  the  modes. 
The  mode  zero  do, i  gives  rise  to  a  contraction  or  to  a  dilata¬ 
tion  of  the  coil;  the  mode  one  ai>?  produces  an  horizontal 
shift  in  the  coil,  whilst  higer  order  modes  correspond  to 
radial  waves  of  deformations  with  decreasing  period.  The 
up-down  symmetry  is  responsible  of  the  absence  of  sine 
terms  in  the  Fourier  series. 

Tangential  deformations  are  well  interpolated  by  low  or¬ 
der  odd  Taylor  series  in  each  half  of  the  aperture 

j 

d(j){ri,  <t>)=y^2  bj,i<t>23+1  i  =  1,4  <p  e  [— tt/2,  7t/2] 
j= o 
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j 

d<f>(ri,<t>)  =  i  =  1,4  <f>e  [7t/2,  37t/2] 

j= o 

The  mode  zero  6o,i  and  co,i  corresponds  to  tangential  com¬ 
pression  or  dilatation,  uniform  along  the  azimuth.  Higher 
order  modes  correspond  to  tangential  waves  of  compres¬ 
sions  and  dilatations.  Also  in  this  case,  the  up-down  sym¬ 
metry  implies  the  presence  of  odd  terms  only. 


ip/ 2n 


Figure  1:  Plot  of  radial  deformations  for  each  of  the  four 
coil  contours,  stainless  steel  collars.  Dots:  ANSYS  values. 
Lines:  interpolation. 

In  Figs.  1  and  2  we  show  the  radial  and  tangential  defor¬ 
mations  evaluated  through  ANSYS  (dots)  and  the  interpo¬ 
lation  (solid  line)  with  seven  radial  modes  and  two  tangen¬ 
tial  modes  (K= 6  and  J=l).  If  the  displacements  evaluated 
through  ANSYS  are  replaced  by  the  interpolating  field,  the 
resulting  multipoles  agree  with  the  ANSYS  results  (see  Ta¬ 
ble  1,  last  two  rows).  This  means  that  low  order  Taylor  and 
Fourier  series  can  take  into  account  the  part  of  the  defor¬ 
mations  that  are  relevant  to  evaluate  the  multipoles. 

The  contribution  of  each  mode  to  the  multipoles  is  given 
in  Table  1 .  For  symmetry  reasons,  even  radial  modes  only 
contribute  to  odd  multipoles,  and  odd  radial  modes  to  even 
multipoles.  One  can  distinguish  two  main  effects. 

•  Radial  deformation  of  order  2  (i.e.,  circles  are  de- 


Figure  2:  Plot  of  tangent  deformations  for  each  of  the  four 
coil  contours,  stainless  steel  collars.  Dots:  ANSYS  values. 
Lines:  interpolation. 
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Figure  3:  Plot  of  radial  deformations,  mode  2,  in  carte¬ 
sian  coordinates.  Undeformed  circle  (solid  line)  versus  de¬ 
formed  circle  (dotted  line). 
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Table  1 :  Contribution  of  radial  and  tangential  modes  to  the 
multipoles  shift  induced  by  deformation,  total  effect  of  7 
radial  and  2  tangential  modes,  and  comparison  with  AN- 
SYS  results.  Multipole  shifts  are  given  in  units  of  10~4  at 
Rref=\l  mm. 


62 

h 

67 

radial 

k=0 

0.00 

0.11 

-0.06 

0.01 

k=l 

0.05 

0.00 

0.00 

0.00 

k=2 

0.00 

-2.98 

0.18 

-0.04 

k=3 

0.08 

0.00 

0.00 

0.00 

k=4 

0.00 

0.53 

0.69 

0.01 

k=5 

0.00 

0.00 

0.00 

0.00 

k=6 

0.00 

0.02 

-0.05 

-0.07 

tang. 

j=o 

0.04 

0.17 

-0.05 

0.02 

j=l 

-0.01 

0.03 

-0.01 

0.00 

total 

0.16 

-2.12 

0.70 

-0.07 

ANSYS 

0.16 

-2.19 

0.59 

-0.08 

formed  into  ellipses,  see  fig.  3)  have  a  strong  effect 
on  the  sextupole  («  —3  units)  and  on  the  decapole 
(«  0.2  units). 

•  Radial  deformation  of  order  4  gives  rise  to  0.5  units  of 
63  and  0.7  units  of  65. 

Simulations  have  also  shown  that  the  radial  deformations 
are  rather  well  decoupled  with  the  tangential  one.  In  Ta¬ 
ble  1  the  effect  of  the  tangential  modes  seems  to  be  very 
limited  (only  some  contribution  to  63):  in  our  computations 
we  fixed  the  coil  length  to  an  optimal  value  that  allows  to 
recover  the  nominal  length  under  deformations,  at  1.9  K. 
Indeed,  a  non  optimized  coil  length  produces  tangential  de¬ 
formations  that  strongly  affects  the  field  multipoles. 

•  Tangent  deformations  due  to  a  coil  length  different 
from  the  nominal  one  have  a  large  influence  on  63,  65 
and  67.  Simulations  show  that  a  0.1  mm  longer  coil 
gives  rise  to  around  —3  units  of  sextupole,  and  0.5  of 
decapole. 

Therefore,  the  determination  of  the  exact  coil  length  un¬ 
der  manufacturing  forces  and  at  cold  is  crucial  to  obtain 
a  correct  estimate  of  the  absolute  value  of  the  multipoles. 
Other  contributions  of  the  deformations  are  not  very  rele¬ 
vant,  giving  rise  to  multipole  shifts  of  less  than  0. 1  units. 
In  particular,  the  following  effects  are  negligible: 

•  The  effect  of  the  first  order  (see  Table  1,  mode  j=l) 
tangential  mode  (tangetial  waves  fo  compression  and 
dilatation)  is  negligible. 

•  The  radial  mode  of  order  zero  (see  Table  1,  mode 
k= 0),  i.e.  the  radial  shrinkage  due  to  low  temperature, 
is  negligible. 


•  Odd  radial  modes  (see  Table  1,  mode  fc=l,3,5),  i.e. 
modes  related  to  left-right  asymmetries,  are  very  low. 
Therefore,  deformations  have  negligible  effect  on 
even  multipoles. 

3  CONCLUSIONS 

We  have  analysed  the  variation  of  the  field  quality  in  the 
superconducting  LHC  dipoles  due  to  deformations  of  the 
coils  with  respect  to  the  nominal  design. 

We  propose  a  method,  based  on  interpolation,  to  reduce 
the  deformation  field  to  a  few  coefficients  of  radial  and  tan¬ 
gential  modes.  This  leads  to  a  reduction  in  the  complex¬ 
ity  of  the  problem  and  to  relate  modes  to  multipoles.  We 
are  able  to  identify  which  modes  are  more  dangerous  and 
which  are  negligible.  We  showed  that  the  effect  of  defor¬ 
mation  on  multipoles  is  relevant,  and  that  the  main  contri¬ 
butions  come  from  radial  deformations  of  order  two  and 
four  (see  for  instance  fig.  3).  Moreover,  a  systematic  differ¬ 
ence  in  the  coil  length  between  the  nominal  and  the  real  one 
(i.e.,  at  1.8  AT  and  under  deformations)  leads  to  additional 
multipole  shifts.  These  effects  are  uncoupled. 
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FIELD-SHAPE  VARIATION  INDUCED  BY  THERMAL  CYCLING  AND 

EXCITATION  IN  THE  LHC  DIPOLE 


O.  Pagano,  W.  Scan  dale*.  E.  Todesco,  CERN,  LHC  Division,  Geneva,  Switzerland 

Abstract 


The  field-shape  imperfections  measured  at  room  temper¬ 
ature  before  and  after  thermal  cycling  and  excitation  up 
to  maximum  field  in  three  10  m-long  models  of  the  LHC 
dipole  are  presented.  A  systematic  variation  is  observed  in 
the  normal  sextupole  and  decapole  components.  The  varia¬ 
tion  of  the  other  components  turns  out  to  be  negligible  or  to 
randomly  vary  (as  for  normal  and  skew  quadruples).  We 
show  how  the  systematic  variation  can  be  justified  by  as¬ 
suming  outward  radial  shift  in  four  blocks  of  the  inner  coil. 
Qualitative  tests  using  Fuji  paper  confirm  this  conjecture. 

1  INTRODUCTION 

The  field  quality  in  the  LHC  dipoles  will  depend  on  sev¬ 
eral  effects,  such  as  the  nominal  coil  geometry,  persistent 
currents,  deformations  induced  by  manufacturing  and  vari¬ 
ation  of  the  nominal  geometry  related  to  mechanical  tol¬ 
erances.  When  the  magnet  is  powered  at  maximum  cur¬ 
rent  or  when  a  quench  occurs,  coil  movements  may  take 
place,  and  this  may  modify  the  field  quality.  In  order  to 
evaluate  the  relevance  of  this  effect  we  present  and  anal¬ 
yse  the  experimental  data  relative  to  three  dipoles  models 
that  have  been  measured  before  and  after  the  first  training 
cycle.  Magnetic  measurements  were  taken  at  room  temper¬ 
ature  and  with  low  current  («  20 A):  this  assures  that  only 
the  geometry  of  the  coils  affects  the  field  quality.  There¬ 
fore,  variations  of  the  field  components  are  only  induced 
by  coil  displacements.  The  aim  of  this  work  is  the  follow¬ 
ing:  a)  To  evaluate  which  multipoles  are  affected  by  the 
first  training  cycle  and  how  much;  b)  Separate  the  multi¬ 
pole  variation  that  appears  to  be  systematic  in  all  magnets 
and  apertures  from  the  variations  that  are  dependent  on  the 
magnet,  on  the  aperture,  and  even  on  the  position  along  the 
magnet  axis;  c)  Evaluate  what  kind  of  coil  displacement 
can  produce  these  multipole  variations.  A  similar  analysis 
has  been  carried  out  in  Ref.  [1]  for  the  IR  quadruples  of 
RHIC. 

2  EXPERIMENTAL  DATA 

Three  10  m  long  dipoles  models  [2],  named  MBL1J2, 
MBL1N 1  and  MBL1N2  respectively,  have  been  considered 
in  our  analysis.  All  of  them  have  5-block  coils.  The  mag¬ 
netic  field  inside  both  apertures  were  measured  at  room 
temperature  using  a  300  mm-long  18  mm- wide  rotating 
coil  and  the  standard  multipolar  expansion  of  the  field  was 
worked  out.  Normal  and  skew  components  was  computed 
at  a  reference  radius  Rref  of  17  mm,  along  1 1  longitudi¬ 
nal  positions.  We  analysed  the  variation  of  the  multipoles 
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before  and  after  the  first  training  and  power  test  (at  1.9 K 
and  12k  A)  for  both  apertures  of  the  three  models.  Data 
for  the  dipole  MB1LN1  are  given  in  Fig.  1.  Data  for  the 
dipoles  MBL1N2  and  MLB1J2  can  be  found  in  Ref.  [3]. 
Variations  averaged  along  the  magnet  axis  that  may  be  sig¬ 
nificant  for  the  dynamics  are  summarised  in  Table  1.  One 
can  distinguish  three  groups  of  multipole  variations: 

•  Systematic  variations  in  all  magnets  and  apertures  (63 
and  65),  with  a  non-negligible  longitudinal  average. 

•  Random  variations  changing  from  magnet  to  magnet 
and  from  aperture  to  aperture  ((12  and  62),  with  a  non- 
negligible  longitudinal  average. 

•  Random  variations  that  become  small  when  averaged 
along  the  magnet  axis:  (<24,  64  and  69). 


Table  1 :  Multipole  variation  induced  by  training  cycle,  av¬ 
eraged  along  the  magnet  axis,  reference  radius  at  17  mm, 
units  of  10-4. 


J2 

left 

J2 

right 

N1 

left 

N1 

right 

N2 

left 

N2 

right 

&3 

+1.29 

+1.36 

+1.63 

+1*65 

+1.07 

+0.68 

65 

-0.32 

-0.39 

-0.40 

-0.38 

-0.38 

-0.26 

&2 

+0.25 

-0.64 

-0.13 

+0.06 

+0.35 

-0.47 

d2 

+0.05 

-0.16 

-0.14 

+0.08 

-0.41 

-0.19 

bi 

-0.02 

-0.02 

+0.02 

-0.05 

-0.05 

+0.02 

<24 

-0.05 

+0.12 

+0.10 

-0.02 

+0.11 

+0.08 

69 

-0.08 

-0.04 

-0.04 

+0.03 

+0.10 

+0.12 

One  can  argue  that  only  the  multipole  variations  of  the 
first  and  second  type  have  an  influence  on  particle  motion  in 
the  LHC,  since  the  longitudinal  average  along  the  magnet 
is  large.  Instead,  the  data  of  the  third  type  are  irrelevant  for 
beam  dynamics.  Anyway,  all  the  previous  data  are  relevant 
for  mechanics  and  will  be  used  to  analyse  and  predict  the 
mechanical  stability  of  the  dipoles. 

3  ANALYSIS  OF  SYSTEMATIC  EFFECT 

The  data  relative  to  the  variation  of  b3  and  65,  that  appear 
to  be  systematic  in  all  magnets  and  apertures,  show  that  the 
ratio  A&3/A&5  ranges  from  -2.7  to  -4.5 

Starting  from  the  nominal  geometry  of  the  coil  we  com¬ 
puted  the  effect  of  simple  movements  of  the  blocks  in  order 
to  work  out  a  possible  explanation  for  the  systematic  shift 
in  63  and  65.  To  this  extent,  we  somehow  arbitrarely  only 
selected  simple  coil  displacements,  that  preserve  up-down 
and  left-right  symmetry: 

•  Displacement  of  a  single  block  (and  its  corresponding 
symmetrical  blocks)  either  by  a  radial  shift  or  by  a  tangen¬ 
tial  shift  or  by  a  tilt,  i.e.  a  rotation  of  the  block  around  one 
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Figure  1 :  Multipole  variation  induced  by  training  cycle  in 
dipole  MBL1N1;  normal  (black/blue)  and  skew  (grey /red) 
components  are  measured  in  the  two  apertures  and  in  1 1 
positions  along  the  magnet  axis.  Above  order  11,  the  am¬ 
plitude  of  the  harmonics  is  increased  by  a  factor  of  10.  Ref¬ 
erence  radius  at  17  mm,  units  10-4. 

vertex. 

•  Displacement  of  the  inner  layer  or  of  the  outer  layer, 
either  radial  or  tangential. 

Amongst  all  these  movements,  the  only  one  that  features 
a  ratio  63/65  that  falls  into  the  measured  range  is  a  radial 
shift  of  block  5,  iO,  15  and  20,  as  shown  in  Fig.  2.  The 
amplitude  of  these  shifts  for  each  magnet  and  each  aperture 
are  given  in  Table  2. 


x  (mm) 

Figure  2:  Nominal  geometry  of  the  5-block  coil;  the  arrows 
are  the  displacements  (magnified  by  100)  needed  to  induce 
the  observed  63  and  65  shifts 

As  it  is  pointed  out  in  Ref.  [4],  the  inverse  problem  is  in 
general  undetermined,  i.e.  the  number  of  degrees  of  free¬ 
dom  relative  to  block  displacements  is  larger  than  the  num¬ 
ber  of  experimental  data  to  fit.  Therefore,  in  general  there 
exist  n-parameter  families  of  solutions  that  can  fit  experi¬ 
mental  data,  where  n  is  the  difference  between  the  number 


of  degrees  of  freedom  of  the  blocks  and  the  numbers  of 
multipole  to  fit.  In  our  approach  we  arbitrarily  reduce  the 
complexity  of  the  problem  as  follows:  a)  we  reduce  the 
number  of  multipole  to  fit  by  considering  only  63  and  65 
that  produce  the  only  systematic  effect  on  all  magnets  and 
apertures;  b)  we  reduce  the  number  of  degrees  of  freedom 
by  considering  only  some  simple  movements  of  the  blocks 
and  by  imposing  a  4-fold  symmetry. 

Indeed,  the  validity  of  our  solution  is  confirmed  by  ad¬ 
ditional  experimental  data  provided  by  the  Fuji  papers,  that 
provide  a  qualitative  indication  of  the  pressure  existing  be¬ 
tween  the  collar  and  the  coils  in  the  different  parts  of  the 
collar  cavity.  The  analysis  of  Fuji  papers  inserted  in  a  5- 
block  10  m-long  model  shows  that  between  the  collars  and 
the  inner  coils  there  is  a  reduced  pressure  during  manufac¬ 
turing,  in  all  the  four  symmetric  positions  corresponding  to 
blocks  5,  10,  15  and  20  [5].  This  means  that  a  gap  is  likely 
to  occur  between  the  collar  and  the  coil  during  and  after 
manufacturing,  and  that  the  effect  of  the  Lorenz  forces  dur¬ 
ing  the  powering  cycle  is  to  push  these  blocks  against  the 
collar.  The  symmetry  of  the  movements  is  caused  by  the 
symmetry  of  the  electromagnetic  forces  and  of  the  collar 
cavity. 

Table  2:  Amplitude  (in  [im)  of  outward  radial  movements 
of  blocks  5, 10, 15  and  20  that  produce  observed  shift  in  63 
and  65. 


Magnet 

Left  aperture 

Right  aperture 

MBL1J2 

44 

51 

MBL1N1 

57 

56 

MBL1N2 

44 

28 

4  ANALYSIS  OF  THE  RANDOM  EFFECT 

For  the  analysis  of  the  non-allowed  harmonics  we  consid¬ 
ered  variation  of  multipoles  in  excess  of  10-7  units,  and 
the  dependence  along  the  magnet  axis  (no  average  is  car¬ 
ried  out  over  data).  The  most  relevant  components  are  <Z2 
and  62.  They  can  be  generated  by  displacements  that  break 
the  up-down  symmetry  and  the  left-right  symmetry  respec¬ 
tively.  An  asymmetric  movement  such  as  a  positive  radial 
displacement  for  blocks  5  and  10,  and  a  negative  one  for 
blocks  15  and  20,  would  produce  relevant  multipole  shifts 
in  02,  04,  and  06  only,  and  perfectly  correlated.  Indeed, 
such  a  correlation  between  even  skew  multipoles  is  not  ob¬ 
served  [3],  The  same  happens  for  even  normal  multipoles. 
The  total  loss  of  correlation  between  even  multipoles  im¬ 
plies  that  they  are  due  to  random  displacements  of  the  coils. 
These  small  displacements  should  also  strongly  depend  on 
the  position  along  the  magnet  axis,  since  as  it  is  shown  in 
Fig.  1  these  multipoles  have  a  very  wide  variation  along 
the  magnet  axis. 

In  Ref.  [3]  we  have  shown  through  numerical  simula¬ 
tions  that  a  random  displacement  of  blocks  or  of  conduc- 
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tors  gives  rise  to  very  simple  scaling  laws  for  the  multi¬ 
poles:  the  <rn,  i.e.  the  standard  devation  of  the  distributions 
of  normal  or  skew  multipoles  of  order  n  are  approximately 
the  same,  and  moreover  they  scale  linearly  with  the  am¬ 
plitude  of  the  random  displacement  d  and  according  to  a 
power  law  in  n: 

an{d)  =  d  A  Bn  C  ”2  (1) 

with  A,  B  and  C  independent  of  d.  In  Fig.  3  we  compare 
the  measurements  of  the  multipoles  along  the  magnet  axis 
to  the  obtained  scaling  laws,  with  random  displacements  of 
the  blocks,  for  the  magnet  MBL1N1.  For  each  multipolar 
harmonics  and  for  each  aperture  we  have  1 1  values:  we 
compute  the  sigma  of  these  values  of  each  harmonics  mea¬ 
sured  in  a  dipole  and  we  compare  it  with  the  corresponding 
sigma  of  the  above  equation. 


Figure  3:  Multipoles  of  dipole  MBL1N1  versus  harmonic 
order  n.  Circles  and  crosses:  r.m.s.  of  the  multipoles  com¬ 
puted  for  22  values  measured  along  the  axis  in  both  aper¬ 
tures,  versus  multipole  order  n.  Solid  lines:  r.m.s  mul¬ 
tipoles  obtained  from  scaling  laws  based  on  random  dis¬ 
placements  of  blocks.  Harmonics  are  given  in  10~4  units 
at  17 mm  reference  radius. 

Disregarding  the  peaks  of  the  63  and  65,  related  to  the 
systematic  effect  described  in  section  3,  the  other  mea¬ 
sured  multipoles  up  to  bg  are  consistent  with  random  dis¬ 
placements  of  blocks  with  a  sigma  of  around  12  pm  (see 
Fig.  3),  or  equivalently  of  random  displacements  of  su¬ 
perconducting  wire  conductors  whose  sigma  is  around  25 
[3],  High  order  multipoles  (from  69  onward)  seem 
in  both  cases  to  be  larger  compared  to  the  scaling  law. 
Anyway,  these  high  order  multipoles  are  rather  low  in  ab¬ 
solute  value  and  therefore  should  not  endanger  the  parti¬ 
cle  dynamics.  Similar  results  hold  for  the  other  magnets 
MBL1N2  and  MBL1J2.  One  can  observe  that  since  the  er¬ 


ror  patterns  are  very  similar,  the  three  models  feature  the 
same  behaviour,  both  from  a  qualitative  and  from  a  quan¬ 
titative  view  point.  Contrary  to  the  effect  on  normal  sex- 
tupoles  and  decapole  discussed  in  the  previous  section,  that 
should  be  easily  corrected,  the  multipole  shifts  discussed  in 
this  section  are  very  hard  to  cure,  since  they  are  induced  by 
the  displacement  of  several  blocks,  and  since  different  dis¬ 
placements  are  observed  in  different  transversal  sections  of 
the  magnet. 


5  CONCLUSIONS 

The  variation  in  the  multipolar  content  of  three  10  m-long 
model  LHC  dipoles  before  and  after  training  cycle  is  anal¬ 
ysed.  The  systematic  change  of  normal  sextupole  and  de¬ 
capole  is  explained  in  term  of  an  outward  radial  shift  of 
around  50  pm  of  the  four  blocks  5,  10,  15,  20,  symmetri¬ 
cally  located  in  Fig.  2.  The  contact  between  these  blocks 
and  the  collar  is  eventually  too  weak  during  manufactur¬ 
ing  as  confirmed  by  the  analysis  of  the  Fuji  paper  inserted 
in  one  of  the  long  models.  This  effect  could  be  cured  by 
guaranteeing  a  complete  contact  between  collars  and  in¬ 
ner  coil  during  collaring.  We  have  already  indications  that 
6-block  coil  design  and  an  improved  collaring  procedure  at 
an  advanced  state  of  specification  are  sufficient  to  fulfil  this 
requirement. 

The  changes  of  the  other  multipoles  are  interpreted  in 
terms  of  a  random  displacement  of  all  blocks.  Experimen¬ 
tal  data  are  compatible  with  simulations  where  the  ran¬ 
dom  displacement  of  the  block  has  an  r.m.s.  value  of  12 
pm.  This  provides  an  useful  order  of  magnitude  of  the  coil 
movements  that  can  be  expected  during  the  first  powering 
cycle. 

Finally,  we  remark  that  all  the  three  models  show  very 
similar  features,  both  for  the  systematic  and  for  the  random 
effects.  In  fact,  in  terms  of  field  quality  it  seems  that  the 
three  analysed  magnets  are  equivalent. 
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Abstract 

About  2,500  superconducting  sextupole  corrector  magnets 
(MCS)  are  needed  for  the  Large  Hadron  Collider  (LHC)  at 
CERN  to  compensate  persistent  current  sextupole  fields  of 
the  main  dipoles.  The  MCS  is  a  cold  bore  magnet  with 
iron  yoke.  The  coils  are  made  from  a  NbTi  conductor, 
which  is  cooled  to  1.9  K.  In  the  original  CERN  design  6 
individual  sub-coils,  made  from  a  monolithic  composite 
conductor,  are  assembled  and  spliced  together  to  form  the 
sextupole.  The  coils  are  individually  wound  around  preci¬ 
sion-machined  central  islands  and  stabilized  with  match¬ 
ing  saddle  pieces  at  both  ends.  The  Advanced  Magnet 
Lab,  Inc.  (AML)  has  produced  an  alternative  design, 
which  gives  improved  performance  and  reliability  at  re¬ 
duced  manufacturing  cost.  In  the  AML  design,  the  magnet 
consists  of  three  splice-free  sub-coils,  which  are  placed 
with  an  automated  winding  process  into  pockets  of  pre¬ 
fabricated  G-ll  support  cylinders.  Any  assembly  process 
of  sub-coils  with  potential  misalignment  is  eliminated. 
The  AML  magnet  uses  a  Kapton- wrapped  mini-cable, 
which  allows  helium  penetration  into  the  vicinity  of  the 
conductor,  increasing  its  cryogenic  stability.  Eliminating 
all  internal  splices  from  the  magnet  significantly  reduces 
heat  loads  and  the  risk  of  magnet  failure  during  operation. 
A  tested  prototype  reached  the  critical  current  limit  of  the 
conductor  in  the  first  quench. 

1  INTRODUCTION 

In  the  LHC,  currently  under  construction  at  CERN,  each 
bore  of  the  main  bending  dipole  is  equipped  with  a  super¬ 
conducting  sextupole  (MCS)  corrector  magnet  to  enable 
compensation  of  systematic  sextupole  errors  in  the  dipole 
field.  About  2500  sextupole  magnets  of  this  type  are 
needed  for  the  accelerator. 

In  the  original  CERN  design  [1]  the  MCS  magnet  consists 
of  six  coils,  which  are  individually  wound  and  then  as¬ 
sembled  and  spliced  to  form  the  required  sextupole. 
Twelve  MCS  prototypes  of  this  kind  have  been  manufac¬ 
tured  and  tested.  All  magnets  showed  significant  training 
behavior  at  1.9  K  and  unacceptable  heat  loads  from  the 
conductor  splices  [2]. 


CERN.  The  sextupole  has  significantly  improved  quench 
performance,  uses  stronger  insulation  to  avoid  electrical 
shorts  in  the  coil,  eliminates  all  internal  splices  in  the 
magnet,  and  uses  an  automated  coil  winding  process  to 
guarantee  reliable  mass  production  at  a  minimum  manu¬ 
facturing  cost.  Key  features  of  the  new  design  and  results 
form  the  first  tests  are  presented  in  this  paper. 

2  SEXTUPOLE  DESIGN 

2.1  Original  CERN  Design 

The  key  parameters  of  the  MCS  sextupole  are  summarized 
in  Table  1  [1]. 

Table  1 :  Main  parameters  of  MCS  sextupole 


Item 

Unit 

Value 

Field  gradient 

T7W 

1657 

Integrated  field  at  10  mm 

Tm 

0.0187 

Nominal  current 

A 

550 

Effective  length 

mm 

113 

Overall  Length 

mm 

160 

Bore  of  magnet 

mm 

60 

Operating  temperature 

K 

1.9 

The  sextupole  consists  of  six  sub-coils,  each  occupying  an 
exact  60°  cylindrical  sector.  The  individual  coils  are 
wound  as  double  pancake  coils  around  a  precisely  ma¬ 
chined  central  G-ll  island  (see  Figure  1).  At  the  two  ends 
of  the  coils,  G-ll  saddle  pieces  are  placed  to  impart  rigid¬ 
ity  and  to  serve  as  a  support  for  the  lead  end  connections. 


Figure  1:  Sketch  of  individual  sextupole  coil  of  original 
CERN  design. 


This  paper  describes  an  alternative  design  of  the  MCS 
sextupole  developed  by  the  AML  under  contract  of 


*  Email:  rmeinke@magnetlab.com 


A  rectangular  NbTi  conductor  with  a  Cu/SC  ratio  of  1.6 
and  bare  dimensions  of  1.13  x  0.61  mm2  is  used  for  the 
coils.  The  conductor  is  insulated  with  thin  layer  (0.06 
±0.01  mm)  of  Polyester-imide.  The  coils  are  wet  wound 
and  then  cured  at  a  slightly  elevated  temperature. 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 
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Six  coils  are  aligned  on  a  mounting  fixture  and  glued  to¬ 
gether  at  their  mating  faces  to  form  the  sextupole.  A  pre¬ 
machined  tube  of  insulating  material  is  glued  over  this 
assembly.  The  conductors  from  the  individual  coils  are 
spliced  together  to  achieve  a  series  connection  of  the  six 
coils.  The  whole  assembly  is  surrounded  by  a  laminated 
soft  iron  yoke  and  inserted  in  an  aluminum  shrink  cylin¬ 
der. 

2.2  AML  Sextupole  Design 

Under  contract  of  CERN  the  Advanced  Magnet  Lab,  Inc. 
in  Palm  Bay  Florida  has  developed  an  alternative  design 
of  the  MCS  sextupole  and  produced  two  prototype  mag¬ 
nets. 

The  coils  are  wound  from  a  NbTi  round  mini-cable  with 
6-around-l  strands.  Important  parameters  of  the  used  con¬ 
ductor  are  summarized  in  Table  2. 


Table  2:  Superconducting  cable  parameters 


Item 

Unit 

Value 

Number  of  wires 

7 

Wire  diameter 

mm 

0.33 

Filament  diameter 

pm 

10 

#  filaments  /  wire 

310 

Cu/SC  ratio 

2.5  ±0.1 

Twist  pitch 

Twist/cm 

1.06 

Diameter  bare 

mm 

0.99 

Diameter  insulated 

mm 

1.07 

Icrit  at  5  T,  4.2  K 

A 

476 

In  contrast  to  a  conductor  with  rectangular  cross  section, 
the  round  cable  can  be  easily  bent  in  any  direction.  This 
feature  significantly  simplifies  the  winding  process,  and  in 
particular  facilitates  the  manufacturing  of  coil  ends.  A 
rectangular  conductor  requires  complex,  constant- 
perimeter  conductor  arrangements,  which  require  signifi¬ 
cant  design  and  manufacturing  effort. 

The  mini-cable  is  wrapped  with  Kapton  foil  (50%  over¬ 
lap),  which  forms  an  insulating  sleeve  around  the  con¬ 
ductor.  The  Kapton  is  mechanically  stronger  than  varnish 
insulation  and  the  probability  of  an  electrical  short  in  the 
coil  is  significantly  reduced.  Experience  with  Kapton  has 
shown  that  slight  movements  of  the  conductor  inside  the 
insulation  do  not  trigger  a  quench  of  the  superconductor. 
Furthermore,  helium  can  penetrate  into  the  Kapton  sleeve 
and  make  direct  contact  with  the  superconductor.  It  there¬ 
fore  takes  a  significantly  higher  energy  deposition  to  trig¬ 
ger  a  quench  in  such  a  coil. 


2.3  Coil  Design 

The  conductor  layout  of  the  AML  coil  with  the  sub-coil 
interconnections  is  shown  in  Figure  2.  Each  sub-coil  has 
two  layers;  the  inner  layer  is  wound  from  the  outside  to¬ 
wards  the  inside  of  the  coil  and  the  outer  layer  from  the 
inside  back  to  the  outside. 


Figure  2:  Coil  cross  section  of  AML  designed  MCS  coil. 
For  reasons  of  clarity  only  one  conductor  layer  is  shown. 

A  fiber-reinforced  tube  with  the  required  inner  magnet 
diameter  is  used  as  a  coil  support.  Pockets  are  machined 
or  molded  into  this  tube  to  accommodate  3  sub-coils  that 
form  the  sextupole  magnet.  The  outer  diameter  of  the  sup¬ 
port  tube  is  chosen  to  be  flush  with  the  conductor  of  the 
inserted  coils.  The  bottom  of  the  pockets  have  a  wall 
thickness  of  about  0.5  mm  to  guarantee  good  mechanical 
stability  of  the  coil  assembly  (see  Figure  3). 


Tube 

Figure  3:  Cross  section  of  MCS  designed  by  AML. 


The  coils  are  direcdy  wound  into  the  machined  pockets  of 
the  support  tube,  using  AML's  “Direct  Adhesive”  coil 
winding  technology.  In  this  winding  process  the  conductor 
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is  precisely  placed  with  the  help  of  a  multi-axis  robot  and 
instantaneously  bonded  to  the  support  structure.  Adhesive 
for  conductor  bonding  inside  of  the  coil  is  automatically 
added  during  the  winding  process.  The  coils  are  wound 
with  a  continuous  conductor;  the  leads  from  one  sub-coil 
to  the  next  are  placed  and  stabilized  in  grooves  of  the  sup¬ 
port  tube. 

The  common  support  tube  for  the  three  sub-coils  and  the 
continuous  winding  process,  automatically  yield  a  precise 
alignment  of  the  individual  sub-coils  relative  to  each 
other. 

Remaining  gaps  between  the  coils  and  the  walls  of  the 
support  tube  pockets  are  filled  with  epoxy  putty  to  avoid 
any  movement  of  the  conductor  during  current  excitation. 
The  support  tube  with  the  inserted  coils  is  over-wrapped 
with  epoxy  impregnated  fiberglass  and  cured  at  an  ele¬ 
vated  temperature.  The  result  is  a  precise,  very  stable  coil 
assembly,  which  contains  all  required  interconnections. 
AML  used  its  own  adhesive  systems  for  coil  winding. 
Standard  cryogenic  tests  [3]  of  the  CERN  proposed  ep¬ 
oxy-resin  system,  AW  106  and  HV  953  U  Hardener  from 
CIBA,  showed  severe  cracking  in  the  first  shock  cycle, 
while  25  cycles  without  cracking  are  recommended. 

The  outer  surface  of  the  overwrap  is  machined  to  pre¬ 
cisely  fit  the  laminations  of  the  surrounding  soft  iron  yoke 
(see  Figure  3). 

The  laminations  are  divided  into  120°  sections,  which 
leave  small  gaps  between  them.  These  gaps  close  when 
the  magnet  is  cooled  down  and  the  outer  aluminum  shrink 
cylinder  puts  the  coil  assembly  under  radial  pressure. 

3  TEST  RESULTS 

The  first  test  coil  without  iron  yoke,  but  equipped  with  an 
aluminum  shrink  cylinder  underwent  quench  tests  at 
CERN.  Three  test  series  at  different  temperatures  were 
performed  with  warm-up  cycles  of  the  coil  between  tests. 
The  test  results  are  shown  in  Figure  4. 

The  coil  reached  the  critical  current  of  the  conductor  in 
the  first  quench  and  shows  no  significant  variation  in 
quench  current  thereafter.  The  current  ramp  rate  was  10 
A/sec  throughout  the  tests. 

The  second  magnet,  which  was  equipped  with  an  iron 
yoke,  showed  unexplained  ramp  rate  dependence  in  a  pre¬ 
liminary  test  and  will  be  retested. 


Quench  Num  ber 

Figure  4:  Quench  test  results  of  1  test  coil. 

4  SUMMARY 

The  MCS  sextupole  magnet,  designed  by  AML  for  the 
LHC  project,  offers  the  following  improvements  over  the 
original  CERN  design.  The  used  mini-cable  offers  better 
quench  performance  since  each  conductor  strand  is  sur¬ 
rounded  by  helium,  which  penetrates  into  the  Kapton  in¬ 
sulation  surrounding  the  cable.  The  round,  flexible  cable 
simplifies  the  coil  ends,  can  be  used  in  an  automatic 
winding  process,  and  the  redundancy  of  conductors  in  the 
cable  improves  the  reliability  of  the  magnets. 

The  proposed  design  eliminates  more  than  12,500  splices 
in  LHC  for  the  sextupoles  alone  and  solves  the  heat  load 
problem  of  the  previous  CERN  design.  The  applied  coil 
manufacturing  technology  significantly  simplifies  the 
magnet  assembly  process  by  eliminating  any  sub-coil 
alignment  and  assembly  process. 

The  new  AML  design  offers  magnets  with  improved 
quench  performance,  reduced  heat  loads,  and  better  op¬ 
erational  reliability.  The  simplified  manufacturing  process 
and  the  automated  coil  winding  reduce  the  overall  cost  of 
these  magnets.  The  proposed  design  and  manufacturing 
technology  is  directly  applicable  to  the  more  than  2,500 
decapoles  needed  for  LHC. 
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Abstract 

Extensive  studies  have  been  performed  to  optimize  the 
design  of  superconducting  quadrupole  arrays  for  beam 
transport  in  future  heavy-ion  fusion  accelerators.  In  these 
arrays  20  or  more  quadrupole  coils  are  densely  packed 
with  their  axes  aligned  in  parallel.  Field  strengths  between 
3  and  5  tesla  at  the  inner  coil  diameters  have  been  inves¬ 
tigated.  The  aperture  of  the  individual  quadrupoles  has 
been  varied  between  60  and  240  mm.  The  coils  have  a 
typical  length  of  1  m,  and  special  effort  has  been  made  to 
minimize  the  length  of  the  interconnect  region  between 
the  array  and  adjacent  accelerator  components.  The  rela¬ 
tive  orientation  of  quadrupoles  in  the  array  is  chosen  to 
optimize  field  sharing  between  neighboring  cells.  Field 
uniformity  in  the  boundary  cells  is  maintained  by  placing 
concentric  correction  coils  onto  these  cells.  A  conceptual 
cryostat  design,  which  minimizes  heat  loads  on  the  cryo¬ 
genic  system,  has  been  analyzed.  Since  Inertial  Fusion 
Energy  has  to  compete  with  other  long-term  energy 
sources,  cost  and  reliability  of  these  magnets  are  major 
issues.  The  presented  design  uses  a  round  NbTi  mini¬ 
cable,  which  allows  for  a  cost-effective,  highly  automated 
manufacturing  of  the  required  superconducting  coils. 


1  INTRODUCTION 

Conventional  accelerator  technology  meets  the  require¬ 
ments  of  drivers  for  inertial  fusion  energy  production. 
Existing  accelerators  operate  reliably  24  hours/day  with 
lifetimes  of  more  than  40  years  in  densely  populated  areas 
and  yield  high  pulse  repetition  rates  with  high  efficiency. 
Beams  in  accelerators  are  transported  in  high  vacuum, 
using  magnetic  dipoles  for  beam  steering  and  quadrupoles 
for  focusing.  For  fusion,  the  beam  current  for  a  given 
aperture  and  quadrupole  strength  is  limited  more  by  space 
charge  effects  than  by  emittance.  The  necessary  beam 
currents  for  fusion  drivers  can  only  be  achieved  by  using 
20  or  more  beams  in  parallel  [1],  Beam  transport  in  such 
an  accelerator  with  many  parallel  beams  requires  arrays 
of  quadrupoles,  which  furnish  the  necessary  number  of 
parallel  focusing  channels. 
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The  work  presented  in  this  paper  addresses  these  issues 
for  the  superconducting  quadrupole  arrays.  An  array  has 
been  designed  that  meets  the  technical  specifications  of  a 
fusion  driver.  The  individual  quadrupole  cell  is  value- 
engineered  by  considering  all  costs  from  materials  to 
manufacturing  technology.  The  developed  design  is  scal¬ 
able  over  an  inner  coil  diameter  (ID)  from  60  to  240  mm 
and  in  field  strength  at  the  coil  ID  from  3  to  5  tesla.  A 
cost  model  developed  for  this  design  can  be  used  in  a 
global  accelerator  optimization  to  find  the  most  cost- 
effective  parameters  of  the  quadrupoles. 

Using  the  value-engineered  quadrupole,  an  array  has  been 
designed  that  optimizes  flux  sharing  between  the  individ¬ 
ual  cells.  Required  field  quality  in  the  boundary  cells  of 
the  array  is  achieved  with  the  help  of  small  correction 
coils  that  are  directly  wound  onto  these  outer  cells.  A 
conceptual  design  of  the  cryostat  has  been  produced, 
which  guarantees  good  relative  alignment  of  the  quad¬ 
rupoles  and  has  low  heat  loads  at  4.2  K. 

2  INDIVIDUAL  QUADRUPOLE  CELL 

2.1  Superconductor 

The  coils  are  wound  from  a  NbTi  round  mini-cable  with  6 
around  1  strands.  A  round  cable  is  less  expensive  than  a 
Rutherford  type  cable,  shows  no  significant  degradation 
in  critical  current  density  due  to  the  cabling  process,  and 
is  easier  to  handle  in  coil  winding  since  it  can  be  bent 
easily  in  any  direction.  The  parameters  related  to  the  ca¬ 
ble  are  listed  in  Table  1 . 


Table  1 :  Cable  Parameters 


Item 

Value 

Unit 

Number  of  Strands 

7 

Strand  Diameter 

0.65 

mm 

Cable  Diameter 

~2 

mm 

Cu/SC  ratio 

2.5/1 

Critical  Current  @ 

4.2  K,  5  tesla 

3,100 

A/mm2 

Insulation 

Kapton  wrap 

In  the  accelerator  the  quadrupole  arrays  will  not  be  adja¬ 
cent  to  each  other,  and  the  magnet  current  has  to  be 
routed  through  an  external  transfer  line  to  the  next  mag¬ 
net.  It  is  therefore  advantageous  to  operate  the  magnets  at 
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a  relatively  low  current.  The  round  mini-cable  has  the 
additional  advantage  that  the  splices  between  the  individ¬ 
ual  coils  of  the  array  are  easier  to  make  and  require  less 
space  than  would  be  needed  for  a  Rutherford  type  cable. 
This  is  of  particular  importance  for  the  quad  arrays  since 
only  about  250  mm  are  available  at  both  ends  of  the  mag¬ 
net  for  the  connection  to  adjacent  accelerator  components. 

The  operational  parameters  of  the  magnet  are  summarized 
in  Table  2. 


Table  2:  Operational  Parameters 


Item 

Value 

Unit 

Nominal  Current 

2,366 

A 

Safety  Margin 

20 

% 

Operational  Temp. 

4.35 

K 

Critical  Temp. 

4.78 

K 

Current  Density  in  Cu 

1,200 

A/mm2 

With  a  strand  diameter  of  0.65mm,  the  cable  diameter  is 
about  2  mm.  It  is  assumed  that  the  critical  current  of  the 
conductor  is  3,100  A  at  4.2  K  and  5  tesla,  which  is  the 
best  conductor  currently  available.  The  nominal  current  is 
2,366  A. 

2.2  Coil  Design 


A1  Shrink  Tube  SS  Support  Tube 


The  ends  of  the  SS  tube  are  machined  to  be  concentric  to 
each  other,  and  the  outer  surface  of  the  A1  cylinder  is  ma¬ 
chined  to  be  concentric  with  these  ends.  These  machined 
surfaces  guarantee  a  precise  alignment  of  the  coils  in  the 
array. 

The  coils  are  wound  with  an  automatic  winding  machine, 
which  allows  placing  the  round  mini-cable  into  machined 
pockets  in  the  composite  structure.  Adhesive  for  conduc¬ 
tor  bonding  inside  of  the  coil  is  automatically  added  dur¬ 
ing  the  winding  process.  The  computer-controlled  wind¬ 
ing  process  does  not  only  guarantee  precise  conductor 
placement,  but  also  yields  a  very  inexpensive  manufac¬ 
turing  process  of  coils  with  excellent  performance  [2]. 


A  cross  section  that  is  typical  for  all  considered  quad¬ 
ruples  is  shown  in  Figure  1.  All  coils  consist  of  5  to  9 
layers  of  conductor,  depending  on  their  diameter  and  field 
strength. 


Figure  1:  Coil  cross  section  of  4-tesla,  120-mm  diameter 
quadrupole. 

The  coil  is  wound  onto  a  fiber-reinforced  composite 
structure  (see  Figure  2),  which  rests  on  a  stainless  steel 
(SS)  support  tube.  The  coil  is  totally  embedded  into  a 
fiber-reinforced  composite  and  then  surrounded  by  an 
aluminum  (Al)  shrink  cylinder.  This  structure  has  suffi¬ 
cient  stability  to  counteract  the  Lorentz  forces  during  coil 
excitation  in  radial  and  axial  direction  of  the  coil. 


3  ARRAY  LAYOUT 

The  individual  coils  are  assembled  to  form  an  array  of 
quadrupoles.  A  section  of  such  an  array  with  the  individ¬ 
ual  cell  orientation  is  shown  in  Figure  3. 


(  ) 
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Figure  3:  Arrangement  of  cells  in  the  array.  One  bound¬ 
ary  cell  equipped  with  correction  coils. 

3.1  Flux  Sharing 

Since  the  coils  are  in  close  proximity  to  each  other  flux 
penetrates  into  neighboring  cells.  The  relative  orientation, 
indicated  in  Figure  3,  enhances  the  flux  in  neighboring 
cells,  and  about  30%  of  the  fields  in  any  cell  are  due  to 
flux  from  its  neighbors.  The  cells  in  this  arrangement 
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yield  both,  horizontal  and  vertical  focusing,  which  can  be 
accommodated  in  the  accelerator  lattice.  Because  the 
channels  are  dependent  on  each  other,  a  completely  sepa¬ 
rate  lower-field  iron  core  array  consisting  of  correction 
coils  is  required  for  independent  beam  steering. 

3.2  Edge  Termination 

Cells  at  the  array  boundaries  have  no  neighbors  on  one 
side  and  a  strong  dipole  field  component  results.  This 
could  be  corrected  with  dummy  cells  at  the  edge  of  the 
array.  A  more  cost-effective  edge  termination  scheme  is 
indicated  for  one  of  the  boundary  cells  in  Figure  3.  A 
small  correction  coil  wound  with  the  same  conductor  and 
in  series  with  the  main  coil  totally  corrects  the  field  in  this 
cell. 

A  superconducting  shield,  which  surrounds  the  whole 
array  at  a  certain  distance,  is  under  consideration.  Persis¬ 
tent  currents  induced  into  this  passive  shield  would  auto¬ 
matically  arrange  themselves  in  such  a  way  that  the  flux 
at  the  outside  of  the  shield  is  zero.  This  shield  would 
eliminate  any  magnetic  effect  on  neighboring  accelerator 
components. 

4  CRYOSTAT 

4.1  Cell  Support 

The  individual  quadrupole  coils  are  held  in  place  by  large 
aluminum  carrier  plates.  As  indicated  in  Figure  4  the  in¬ 
dividual  coils  fit  into  precisely  machined  holes  in  the  car¬ 
rier  plates.  The  10-mm  thick  plates  are  spaced  with  gaps 
of  75  mm  width  along  the  axes  of  the  coils.  The  plates 
hold  and  align  the  individual  coils,  and  strengthen  the  A1 
shrink  cylinders.  SS  alignment  keys  position  the  carrier 
plates  relative  to  each  other. 


Figure  4:  Schematic  layout  of  cryostat.  For  reasons  of 
clarity,  only  two  beam  tubes  are  shown. 


A1  is  chosen  as  a  material  for  the  shrink  cylinders  and  the 
carrier  plates  because  of  its  thermal  contraction,  which  is 
larger  than  SS.  During  cool  down  of  the  coils  the  A1 
shrinks  more  than  the  SS  support  tubes  and  puts  the  su¬ 
perconducting  coils  under  compression. 

An  SS  cylinder  around  the  carrier  plates  forms  the  helium 
containment  vessel.  This  cylinder  is  closed  at  both  ends 
with  SS  end  plates,  which  are  welded  helium-tight  to  the 
SS  support  tubes.  Due  to  the  strengthening  by  the  SS 
tubes,  thin  straight  end  plates  are  sufficient  for  this  pres¬ 
sure  vessel,  which  has  to  take  the  overpressure  with  suffi¬ 
cient  safety  margin  from  gaseous  helium  during  a  quench. 
The  straight  plates  help  to  reduce  the  total  length  of  the 
array. 

A  radiation  shield  and  blankets  of  superinsulation  sur¬ 
round  the  helium  containment  vessel.  Struts  are  used  as  a 
support  inside  of  the  outer  vacuum  vessel,  which  is 
evacuated  to  achieve  thermal  insulation. 

4.2  Beam  Tube 

Beam  tubes  are  inserted  into  the  SS  coil  support  tubes  to 
maintain  low  residual  gas  pressure  for  beam  transport. 
The  beam  tubes  have  to  be  operated  at  77  K,  the  tem¬ 
perature  of  the  thermal  shield,  to  reduce  their  heat  load 
into  the  superconducting  coil  to  an  acceptable  level.  With 
a  beam  tube  polished  on  the  outside  and  the  SS  support 
tube  on  the  inside  no  superinsulation  is  required,  and  the 
heat  load  due  to  thermal  radiation  from  up  to  50  beam 
tubes  is  less  than  1  watt. 


5  SUMMARY 

Superconducting  quadrupole  arrays  for  a  future  heavy  ion 
fusion  accelerator  have  been  designed.  The  scalable  coil 
design  allows  variations  of  aperture  from  60  to  240  mm 
and  fields  at  the  coil  ID  from  3  to  5  tesla.  The  novel  coil 
design  significantly  reduces  cost  in  comparison  to  con¬ 
ventional  collared  coils  made  from  Rutherford  type  cable. 
A  cost  model  has  been  developed  that  allows  one  to  iden¬ 
tify  the  most  cost  effective  parameters  for  the  quadrupole 
array.  A  preliminary  design  of  the  array  cryostat  has  been 
developed  that  minimizes  space  requirements  along  the 
array  axis  and  has  heat  loads  comparable  to  existing  high- 
energy  physics  accelerators. 
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Abstract 

Design  of  dual  bore  superconducting  quadrupole  for 
CESR  upgrade  is  represented.  The  lens  has  a  gradient 
about  1  kG/cm,  dual  aperture  of  54  mm  each,  length 
about  800  mm,  The  axes  spacing  about  80  mm  allows  a 
good  separation  of  counter  rotating  beams.  Harmonics 
content  measured  below  0.05%.  Some  concepts  used  in 
this  dual  bore  lens  could  be  used  for  design  of  any  multi 
aperture  lens,  where  the  high  field  quality  required. 

I  INTRODUCTION 

Cornell  storage  ring  CESR  finished  Stage  II  upgrade, 
achieved  highest  luminosity  what  exceeds  now 
L  =  7  TO32  cm'V.  After  the  Stage  HI  is  finished,  the 
luminosity  will  increase  up  to  3  1033  cm'V1.  More  drastic 
increase  is  expecting  after  Stage  IV  is  finished  [1-3],  Fig. 
1.  This  Stage  when  completed  will  allow  to  have  at  least 
180  counter  rotating  bunches  3x3 A2  total  in  individual 
vacuum  chambers.  The  beams  having  equal  energies  will 
deliver  a  25  fb'1  month'1  with  L=3  ltf4  cm'V1.  The 
vacuum  chambers  will  share  wide  aperture  room 
temperature  dipole  magnets  and  will  have  dual  bore 
superconducting  magnets.  These  superconducting 
magnets  include  dual  bore  quadrupole,  dual  bore 
sextupole,  and  dual  bore  dipole  correctors.  Also  some 
dual  bore  octupoles  or  skew  quadrupoles  will  be  used 
instead  of  dipole  correctors.  All  three  types  of  these 
magnets  will  share  the  same  cryostat  and  considered  as 
one  unit.  About  88  such  units  together  with  156  regular 
arc  dipoles  will  be  installed  on  the  top  of  existing 
synchrotron,  Fig.l.  These  new  rings  will  be  feed  directly 
from  this  synchrotron,  allowing  CESR  as  a  dedicated 
synchrotron  source. 


Utilization  of  CESR  as  a  booster  between  synchrotron 
and  this  new  dual  bore  machine  could  bring  the 
luminosity  further  up  to  L>1C?5  cm'V1  level. 

Extreme  beam  parameters  yield  extreme  requirements 
to  the  magnet  and  vacuum  system  design.  These 
requirements  are  the  field  quality,  ability  to  work  under 
extreme  expose  to  SR  and  closest  position  of  the  beams 
axes.  The  last  required  for  minimal  dipole  magnet  cross- 
section. 

In  this  publication  we  describe  a  dual  bore  quadrupole 
lens  design  and  results  of  its  test.  This  quadrupole  magnet 
itself  was  tested  in  a  Dewar  up  to  200  A  feeding  current 
[2,5].  The  test  showed  that  the  field  accuracy  required  has 
been  achieved  [5].  Now  mostly  attention  was  paid  to  a 
cryostat,  holding  the  cold  mass  with  dual  bore  magnets. 
The  vacuum  chamber  of  superconducting  magnet  must 
hold  about  2  kW/m  of  SR  power  in  normal  operation. 
This  fact  strongly  complicated  the  design. 

For  normal  operation  the  number  of  current  leads  from 
room  temperature  to  the  cold  mass  is  twelve  per  magnet 
unit.  Utilization  of  High  Temperature  Superconductor 
(HTS)  leads  is  crucial  here.  We  are  planning  to  compare 
the  HTS  leads  manufactured  by  Hoechst  Company  and 
American  Superconductor. 

Results  obtained  in  the  test  described  will  be  used  for  a 
final  magnet  design. 

2  QUADRUPOLE  CONCEPT 

Each  of  quadrupoles  is  a  combination  of  two  quadrupole 
magnets  that  share  the  same  iron  yoke.  Axes  separation 
needs  to  be  as  small  as  possible.  Technical  limitations 
make  this  distance  about  80  mm  The  field  quality 
required  for  the  quadrupole  is  about 
[By{x)-G- x]l  GxZS-W4  >  where  By(x)  is  the  field  across 

the  aperture,  G  is  a  gradient.  When  dual  bore  lenses 
shared  the  same  yoke  and  placed  close  one  to  another, 
some  magnetic  lines  travel  around  both  centers,  Fig.2.  So 
in  the  presence  of  neighboring  lens,  magnetic  lines  lose  its 
quadrupole  symmetry  in  the  yoke,  and,  hence  in  all  lens. 
Now  not  only  quadrupole-associated  harmonics  allowed. 
Dipole  and  sextupole  components  are  the  strongest  among 
allowed  now.  The  same  happens,  sequentially,  for  the 
whole  lens.  Proper  modeling  includes  the  lowest 
symmetry  piece  taking  into  account  this  effect  [5].  So  one 
needs  to  have  ability  for  effective  compensation  of  this 
effect.  This  mechanism  needs  to  be  simple  and  effective. 
The  lenses,  where  the  poles  and  the  coils  acting  together 
for  the  field  generation  were  chosen  finally  for  the  next 
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stage  of  CESR  upgrade.  This  type  of  lens  was  suggested 
in  [4].  The  superconducting  coils  used  there  are  a 
racetrack  type  of  single  layer  windings. 

For  the  requirements  of  the  beam  optics  the  gradients 
in  both  neighboring  lenses  have  the  same  sign  and  about 
the  same  value.  So  the  neighboring  currents  on  the  sides 
of  the  septum  have  the  same  value.  The  last  yields  that 
vertical  component  of  magnetic  induction  in  the  iron 
septum  is  absent  practically. 


Figure  2:  Magnetic  lines  in  dual  bore  lens.  Windings  are 
single  layer  racetrack  coils,  which  cross-sections  are  thin 
in  the  drawing’s  scale.  They  occupy  the  whole  straight 
sides.  The  gradients  in  both  lenses  have  the  same  sign. 
The  distance  between  quadrupole  axes  is  79  mm.  Yoke 
septum  is  4  mm.  Printout  from  MERMAID  [6] 

Similar  behavior  has  any  dual  bore  symmetrical  lens. 
One  can  also  see  from  Fig.2,  that  the  lines  spaced  at  the 
same  distance  from  the  center  of  each  quad  have 
different  path  lengths  in  the  material  of  yoke.  The 
shortest  ways  have  the  lines  that  travel  around  currents  in 
the  center  of  the  lens.  So  the  region  marked  as  x-y 
quadrant  is  minimal  for  proper  modeling. 

To  compensate  this  effect,  some  appropriate  non- 
symmetrical  deformation  of  the  poles  required. 
Calculations  show,  that  the  accuracy  of  fabrication  must 
be  <5  =  8.5  •  10~3  mm.  One  can  see  that  the  profile  is  rather 
complicated.  In  simplest  case,  however,  when  an  arc  of 
constant  radius  approximates  hyperbola,  the  arc  radius  of 
the  left  and  right  poles  could  be  made  slightly  different, 
keeping  the  vertex  of  the  arcs  in  the  same  place.  We  keep 
the  radiuses  of  all  poles  the  same,  but  different  from  one, 
obtained,  when  one  lens  is  far  apart  from  neighboring 
one.  Below  we  represent  the  graphs  of  absolute  deviation 
of  the  field  for  different  pole  radius.  Absolute  value  of 
gradient  is  also  slightly  different  in  each  case.  The 
smallest  deviation  from  linear  law  indicates  the  lens  with 
the  pole  radius  of  37.45  mm.  Maximum  deviation  of  0. 15 
Gauss  occurs  at  distance  2.25  cm.  Magnetic  field  value, 
associated  with  pure  quadrupole  having  gradient 
G  =  1 .075  kG/cm  (for  this  particular  radius  and  for  6 
kA/coil)  is  2.4187  kG.  So,  relative  deviation  in  this  point 
is  0.15/2418.7  =  6.2- 10"5.  Namely  this  radius  was  chosen 
for  manufacturing. 

At  the  end  of  the  lens  some  soft  iron  shields  made.  They 
prevent  the  field  interference  from  neighboring  lenses. 


B(x)~Gx,  kG 

a  R-3. 750  cm 
o  R=  3. 745  cm 

□  R=  3.740  cm 


+  R= 3.735  cm 


x  R*  3.730  cm 


0.0  0.5  1.0  *-5  2.0  2.5  J  0  iCm 

Figure  3:  Calculated  field  deviation  (in  kG)  from  linear 
behavior  for  different  pole  radius  (R  in  Fig.2). 

The  lens  was  fabricated  and  tested.  Results  of 
measurements  are  represented  in  Fig.  4. 


0.5  1.0  1.5  2.0  2.5  3.0/cm 


Figure  4:  Measured  relative  field  deviation  in  one  of  the 
dual  bore  aperture.  G- \fJ15kGI  cm. 

The  graph  plotted  is  a  reconstruction  of  a  vector  sum  of 
different  harmonics  measured  in  assembled  dual  bore 
magnet.  These  measurements  were  carried  out  in  a 
Dewar.  Warm  long  coil  was  rotated  inside  the  space 
arranged  with  two  coaxial  stainless  steel  tubes  going 
through  the  magnet,  see  [2]. 

3  CRYOSTAT 

Cryostat  serves  as  a  vessel  for  liquid  Helium  with  cold 
mass  in  it.  Supposed  that  the  Helium/Nitrogen  duct 
running  along  the  ring  will  have  the  branches  to  each 
magnet.  The  cryostat  concept  is  shown  in  Fig.  5.  Mostly 
crowded  place  here  is  inner  region.  SR  is  accepted  by  the 
inner  chamber  made  on  two  coaxial  copper  tubes  having 
the  gap  about  1 ,5mm  for  the  water  flow  in  between.  The 
thickness  of  the  copper  tubes  is  about  1.5mm  also.  The 
inner  chamber  is  made  removable.  This  inner  chamber 
wrapped  by  superinsulation.  The  next  1.5  mm  thick  tube 
is  a  part  of  a  Nitrogen  shield  and  also  wrapped  by 
superinsulation.  Cooling  of  these  last  tubes  is  going 
through  the  ends.  The  vacuum  chamber  of  the  ring  and 
the  vacuum  volume  inside  the  cryostat  are  independent. 
The  next  tube  is  a  part  of  Helium  vessel.  All  tubes  are 
polished  to  a  mirror  shine.  Design  of  supports  (hatched  in 
Fig.5)  allows  shrinkage  of  the  length  keeping  the  central 
part  of  quadrupole  in  fixed  position.  It  allows  positioning 
of  cold  mass  and  Nitrogen  shield  in  the  cabinet  also.  HTS 
leads  at  cold  end  bolted  to  feeds- through  into  liquid 
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Helium  vessel  and  at  the  other  side  bolted  to  the 
Nitrogen  shield  with  thing  layer  of  mica  for  electrical 
insulation. 


Figure  5:  Basic  principles  of  cryostat  design. 


Figure  6:  Inside  view  to  the  cryostat.  Here  one  can  see  a 
Nitrogen  temperature  shield  with  tubing.  End  flange  and 
superinsulation  removed.  Inner  diameter  is  =  10  inches. 
One  can  see  here  two  independent  apertures. 

The  cryogenic  test  proved  the  principles.  The  magnet 
was  attached  to  the  existing  system  for  Superconducting 
EF  cavity  feed.  This  system  includes  both  liquid  Helium 
and  Nitrogen  tubing.  The  necessary  cooling  was 
achieved.  Vacuum  inside  the  cryostat  goes  to  2.8  10'8 
Torr  as  a  result  of  cryocooling.  In  this  test  the  HTS  leads 
made  by  American  Superconductor  were  used.  These 
leads  are  16"  long  and  must  have  a  critical  current  of  150 
A.  The  feeding  of  the  lens  with  current  showed  however, 
that  the  current  of  25  A  yields  a  loss  of  HTS  ability  to 
carry  the  current.  This  was  explained  by  inadequate 
cooling  of  HTS  leads.  The  latest  modification  done 
includes  the  increase  of  cooling  of  HTS  leads.  Also  done 
some  improvements  in  pressure  relief  system,  in 
monitoring  the  pressure  inside  the  cold  mass,  in 
measuring  the  temperature  of  cold  mass  and  Nitrogen 
cooled  shield.  In  nearest  future  we  will  continue  the  test 
of  the  cryostat.  Modeling  of  SR  deposition  will  be  done 
with  a  special  heater  located  inside  the  vacuum  chamber. 

4  CONCLUSION 

The  nonlinarities  arisen  from  broken  quadrupole 
symmetry  into  iron  can  be  taken  into  account  by  proper 
choice  of  problem  for  modeling.  The  set  of  tests  done 


proved  the  principles  of  design  made.  More  attention  to 
the  proper  cooling  of  HTS  leads  was  stressed. 


Figure  7:  Dual  bore  magnet  installed  in  a  cryostat  for 
cryogenic  test.  In  a  vertical  bellow  there  are  joints  to 
existing  cryogenic  system.  The  joints  to  a  duct  line 
running  along  the  ring  will  be  located  there  in  a  future. 

The  same  ideas  of  cancellation  interference  were  applied 
to  other  dual  bore  multipole  elements  (such  as  sextupole, 
skew  quadrupole,  octupole  and  dipole  corrector)  of  the 
ring.  Serially  installed  quads  and  sextupoles  in  each 
module  also  may  give  the  way  for  adjustment  the 
resulting  field  quality  for  whole  unit. 

Mostly  strong  interference  occurs  at  the  magnet  dual 
edge.  Solution  of  this  problem  in  application  to  the  dual 
bore  magnet  was  found  and  proved  experimentally  in  this 
design. 
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The  goal  of  the  third  phase  of  the  CESR/CLEO  upgrade 
is  to  take  the  CESR  luminosity  as  far  as  one  can  go  with  a 
single-ring  collider  [1].  We  expect  CESR’s  luminosity  to 
more  than  double  from  the  present  8  x  1032  cm_2s_1  to 
1.7  x  1033  cm_2s_1  as  a  result  of  the  Phase  III  upgrade. 

In  the  present  configuration  of  CESR  (Phase  II)  trains  of 
closely  spaced  bunches  collide  at  a  small  horizontal  cross¬ 
ing  angle  ( 6C  ~  ±2  mrad).  The  Phase  III  upgrade  pro¬ 
gram  relies  on  increasing  the  colliding  beam  current  from 
the  present  0.5 A  to  1 A  by  exploiting  bunch-train  collisions 
to  the  fullest  extent  possible.  The  Phase  III  design  calls  for 
colliding  9  trains  of  bunches,  each  of  which  consists  of  5 
bunches  spaced  by  14  ns. 

The  closely  spaced  bunches  in  a  train  generate  crossing 
points  close  to  the  interaction  point  (IP)  where  bunches 
from  opposing  beams  pass  by  one  another  and  interact. 
To  ameliorate  the  destructive  effects  of  these  long  range 
beam-beam  interactions  new  interaction  region  (IR)  op¬ 
tics  are  required.  A  combination  of  short  focal  length  and 
large  physical  aperture  are  optimum  in  this  respect,  and 
best  implemented  with  insertion  optics  consisting  of  two 
pairs  of  high-gradient  superconducting  (SC)  quadrupoles 
and  a  pair  of  short  permanent  magnets.  The  IR  quadrupoles 
will  be  positioned  with  a  precision  beam-based  alignment 
system  to  ensure  stable  closed  orbits  and  reduce  commis¬ 
sioning  time.  The  SC  magnet  package  also  includes  skew 
quadrupole  magnets  for  detector  solenoid  compensation 
and  dipole  magnets  to  provide  precise  alignment  of  the 
magnetic  centers  within  the  physical  aperture  of  the  vac¬ 
uum  chamber. 

In  order  to  handle  the  increased  heat  loads  and  detector 
backgrounds  new  detector  shielding  and  IR  vacuum  cham¬ 
bers  are  being  constructed.  The  design  of  the  machine- 
detector  interface  was  based  on  our  experience  with  the 
CESR  Phase  II  IR  [2],  In  order  to  facilitate  installation 
and  maintainence  a  remotely  actuated  vacuum  seal  called 
the  “magic  flange”  has  been  developed  and  built.  We  plan 
to  install  the  Phase  III  IR  hardware  in  mid-2000. 

The  new  interaction  region  is  ideal  for  various  possi¬ 
ble  future  upgrade  paths  which  could  take  CESR  into  the 
1034  cm_2s_1  luminosity  range.  For  example,  a  two-ring 
upgrade  [3]  would  use  the  large  aperture  for  a  crossing  an¬ 
gle.  An  upgrade  involving  smaller  0*  would  benefit  from 
the  short  focal  length  since  the  peak  beta  function  and  chro- 
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maticity  are  thereby  reduced.  Finally,  space  for  an  addi¬ 
tional  magnet  for  a  round  beam  insertion  optics  has  been 
provided  as  well. 

1  OPTICS 

The  Phase  III  IR  optics,  shown  in  Figure  1,  accomodate 
the  various  constraints  that  arise  from  the  required  beam 
separation  in  the  IR,  injection  considerations  and  beam¬ 
generated  detector  background  requirements. 

As  mentioned,  the  challenge  for  operating  with  14  ns 
spacing  between  bunches  in  a  train  is  providing  adequate 
separation  at  the  nearby  parasitic  crossing  points  in  the  IR 
(spaced  at  2.1  m  intervals).  In  order  to  minimize  the  long- 
range  beam-beam  tuneshifts  suffered  at  these  crossings  the 
beam  separation  to  horizontal  width  ratio  must  be  maxi¬ 
mized,  and  the  /3-functions  at  the  crossing  points  must  be 
minimized.  The  latter  feature  is  accomplished  by  placing 
the  final-focus  quadrupoles  as  close  to  the  IP  as  possible 
so  that  the  0  points  are  reduced  and  lie  between  the  IP  and 
the  first  parasitic  crossing  point.  This  solution,  made  possi¬ 
ble  only  with  high-gradient  SC  quadrupoles,  maintains  the 
/3-functions  at  the  IR  crossing  points  below  40  m,  a  value 
which  is  comparable  to  that  at  crossing  points  in  the  CESR 


Distance  from  IP  (m) 

Figure  1:  CESR  Phase  III  IR  optics  with  0*  =  10  mm 
(upper)  and  round-beam  optics  (lower).  Parasitic  crossing 
point  locations  are  marked  with  a  star.  The  trim  quadrupole 
(QR)  is  powered  only  in  the  round  beam  optics. 
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Figure  2:  IR  layout  showing  7  magnetic  elements.  FlgmC  3:  A  representation  of  a  cryostat  containing  two  su¬ 

perconducting  magnets. 


arcs. 

Constraints  on  the  machine  aperture  in  the  IR  arise  from 
injection  and  detector  background  considerations.  During 
injection  the  beams  are  separated  horizontally  at  the  IP  with 
a  symmetric  electrostatic  displacement  bump.  As  a  result, 
increased  aperture  at  Q2  is  required.  In  a  crossing-angle 
orbit,  the  beam  is  displaced  in  the  nearby  horizontally  fo¬ 
cusing  IR  quadrupole  (Q2).  This  off-axis  beam  generates 
large  synchrotron  radiation  (SR)  fluxes  which  give  rise  to 
detector  backgrounds.  To  minimize  backgrounds,  a  hori¬ 
zontal  IP  displacement  bump  is  applied,  reducing  the  dis¬ 
placement  in  Q2  at  the  expense  of  increased  aperture  re¬ 
quirements. 

The  high-gradient  quadruples  provide  considerable 
flexibility  in  lattice  design.  For  example,  considerable  lat¬ 
itude  is  allowed  in  choosing  /3*  for  optimizing  luminosity. 
Figure  1  shows  IR  optics  for  (3*  =  10  mm  but  optics  with 
f3*  as  small  as  7  mm  are  possible.  Further  increases  in  lu¬ 
minosity  may  be  possible  with  round  colliding  beams  [4], 
With  the  addition  of  a  trim  quadrupole,  round-beam  optics 
with  /?*=/?£  =  3  cm,  shown  in  Figure  1,  may  be  realized. 

2  INTERACTION  REGION  MAGNETS 

In  total  there  are  14  different  magnets  arranged  symmetri¬ 
cally  around  the  IP  that  form  the  insertion  optics  (see  Fig¬ 
ure  2).  Starting  only  337  mm  from  the  IP,  vertical  focussing 
(VF)  is  provided  by  a  short  set  of  permanent  magnets 
(PM).  Most  focussing,  however,  is  provided  by  two  pairs 
of  strong  superconducting  main  quadrupoles  (MQ)  which 
are  arranged  in  doublets  called  Q1,Q2.  Skew  quadrupoles 
(SQ)  concentrically  wound  on  top  of  each  of  the  MQ  effec¬ 
tively  rotate  the  main  quadrupole  field  as  part  of  the  cou¬ 
pling  compensation  for  the  detector  solenoid.  Dipoles  (D) 
concentrically  wound  on  top  of  the  SQ’s  generate  a  hori¬ 
zontal  field  for  vertical  adjustment  of  the  quadrupole  field 
axes.  The  entire  insertion  optics  focussing  is  contained 
within  ±2.55  m  from  the  IP. 

The  PM’s  are  made  from  Neodymium  Iron  Boron  with 
intrinsic  coercivity  Hci  of  21  kOe  and  remnant  field  Br 
of  12  kG  [5],  The  ID  is  a  constant  067  mm  but  the  OD 
is  stepped  to  take  advantage  of  slightly  more  radial  space 


available  further  from  the  IP.  The  poles  are  temperature  and 
magnetically  stabilized  and  then  individually  selected  for 
uniformity.  Despite  a  temperature  coefficient  for  BT  of 
-0.1  %  °C~1,  adequate  temperature  control  can  be  pro¬ 
vided  with  a  simple  closed  circuit  cooling  loop  and  bands 
around  the  outside  of  the  magnet  since  the  PM  only  pro¬ 
vides  about  23%  of  the  total  vertical  focussing  power. 

One  cryostat  is  installed  on  each  side  of  the  IP  and  con¬ 
tains  two  multifunctional  SC  magnets  [6].  The  cryostats 
are  supported  and  aligned  by  eccentrically  driven  cam  bear¬ 
ings  held  by  support  rails,  which  are  in  turn  mounted  on 
a  heavy  steel  pylon  attached  to  the  CLEO  detector  steel. 
(See  Figure  3).  The  cryostat  has  a  warm  bore  with  an  ID  of 
0145  mm  and  a  maximum  OD  of  0495  mm. 

All  four  SC  magnets  are  identical  and  consist  of  three 
independent  sets  of  coils  with  effective  lengths  of  0.65  m. 
The  MQ’s  are  capable  of  gradients  of  up  to  48.4  T/m  at 
1225  A.  The  SQ  field  is  about  10%  that  of  the  MQ  and 
superimposed  on  the  MQ  field.  The  dipole  coils  produces  a 
horizontal  dipole  field  with  a  maximum  strength  of  0.13  T. 

The  design  of  the  MQ  coils  was  highly  influenced  by 
the  recently  built  LEP  200  Interaction  Region  quadrupoles 
[7, 8],  especially  in  choice  of  bore  and  conductor.  The  other 
SC  coils  are  loosely  modeled  after  corrector  magnets  under 
development  for  the  LHC.  To  improve  training  and  reliabil¬ 
ity  the  design  current  of  all  magnets  is  no  more  than  70% 
of  the  theoretical  quench  current  under  worst  case  condi¬ 
tions  (multiple  coils  energized  and  the  presence  of  the  1 .5 
T  CLEO  solenoid  field). 

Because  of  the  relatively  short  length  compared  to  diam¬ 
eter,  end  effects  are  proportionally  more  important.  Sev¬ 
eral  independent  checks  were  made  to  be  sure  the  3D  fields 
from  the  ends  were  calculated  correctly  and  the  coil  de¬ 
sign  optimized  for  field  quality  [9].  The  basic  specification 
is  that  all  non-quadrupole  and  non-dipole  field  harmonics 
shall  be  less  than  5  x  10-4  of  the  quadrupole  field  measured 
at  a  radius  of  50  mm. 

The  SC  magnets  will  interact  strongly  with  the  detector 
solenoid  magnetic  field.  Q1  will  be  totally  within  the  1.5 
T  soleonoid  field.  The  solenoid  field  and  the  current  in  the 
dipole  will  generate  a  very  large  moment  of  12,000  Nm 
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on  Ql.  Q2  will  have  one  end  in  the  solenoid  fringe  field 
while  the  other  end  is  essentially  field  free,  resulting  in  a 
net  horizontal  force  on  Q2  of  up  to  14,000  N.  These  forces 
and  moments  must  be  borne  by  the  cryostats  and  supports, 
consequently  these  constructions  are  made  very  robust. 

3  DETECTOR  BACKGROUNDS 

Beam-generated  detector  backgrounds  [2]  arise  from 
scattered  synchrotron  radiation  (SR)  emitted  in  nearby 
quadrupoles  and  bends  and  from  the  interaction  of  beam 
particles  with  residual  gas  in  the  vacuum  chamber  (“beam- 
gas”  interactions).  Shielding  of  the  detector  from  scattered 
SR  is  accomplished  by  careful  placement  of  mask  tips  to 
shield  the  detector  beampipe  from  direct  SR  and  to  mini¬ 
mize  the  scattered  photons  which  strike  the  detector.  The 
principal  component  is  a  stepped  copper  mask  whose  pro¬ 
file  is  designed  such  that  SR  illuminates  only  those  surfaces 
which  are  not  directly  visible  by  the  detector  beampipe. 
Thus,  the  only  remaining  detector  backgrounds  arise  from 
SR  which  forward  scatters  through  the  mask  tips  (“tipscat¬ 
tering”)  or  which  backscatters  from  the  mask  surface  just 
downstream  of  the  beampipe.  To  further  reduce  the  SR 
flux 'entering  the  detector,  the  inner  surface  of  the  beryllium 
beampipe  is  coated  with  a  thin  layer  of  gold.  The  placement 
of  mask  tips  and  choice  of  materials  was  optimized  with  a 
detailed  simulation  of  SR  backgrounds. 

Beam-gas  backgrounds  arise  from  Coulomb  scattering 
and  Bremstrahlung  interactions  with  residual  gas.  Only 
those  interactions  within  ~40  m  from  the  IP  contribute 
to  detector  backgrounds.  Detector  shielding  for  beam- 
gas  backgrounds  is  provided  by  the  PM  quads  themselves. 
Additionally,  beam-gas  backgrounds  are  reduced  with  in¬ 
creased  pumping  in  the  IR  straight. 

The  detector  background  simulations  provide  an  esti¬ 
mate  of  the  detector  occupancy  in  the  inner  layer  of  the 
CLEO-III  silicon  vertex  detector.  The  detector  occupancy 
predictions  from  the  various  sources  at  full  1  A  beam  cur¬ 
rent  and  6C  =  2.5  mrad  are  as  follows  (in  units  of  %/fis): 
SR  -  Tipscattering,  0.027  ;  SR  -  Backscattering,  0.012  ; 
beam-gas  Bremsstrahlung,  0.23  ;  beam-gas  Coulomb,  0.04. 
The  total  estimated  occupancy  is  0.31%//is,  which  is  well 
below  the  design  goal  of  1  %//xs. 

4  VACUUM  SYSTEM 

The  central  detector  beampipe  (manufactured  by  Brush 
Wellman  -  Electrofusion  Products)  is  a  double-walled  ac¬ 
tively  cooled  beryllium  beampipe  which  is  based  on  one 
presently  in  use  at  CESR  [10].  The  beampipe  consists  of 
two  Be  sleeves  of  thickness  0.013  in  and  0.009  in  with  a 
0.017  in  coolant  gap.  The  sleeves  are  sealed  with  a  man¬ 
ifold  at  each  end.  The  inner  sleeve  is  joined  to  a  cop¬ 
per  vacuum  pipe  through  a  stainless  steel  transition.  The 
beampipe,  cooled  with  PF-200,  is  capable  of  dissipating 
400  W  with  5°C  temperature  rise. 

An  important  component  of  the  SR  shielding  is  a  gold 


coating  on  the  inside  of  the  beryllium  beampipe.  A  5  fim 
average  thickness  coating  was  applied  with  a  cylindrical 
magnetron  sputtering  technique  [11].  The  total  average 
beampipe  thickness  is  0.4%  radiation  length. 

The  IR  vacuum  system  utilizes  several  existing  compo¬ 
nents  and  new  components  within  ±6  m  from  the  IR  IR 
Pumping  [12]  is  accomplished  in  large  plenums  which  in¬ 
corporate  massive  titanium  sublimation  pumps.  Pumping 
plenums  are  located  at  ±3  m,  ±5  m,  ±7  m,  ±10  m  and 
±13  m  from  the  IP.  The  pressure  in  the  IR  will  be  main¬ 
tained  below  3.5  nTorr  at  full  1  A  beam  current. 

The  inclusion  of  a  pair  of  remotely  operable  ultra-high 
vacuum  joints  about  ±30  cm  from  the  IP  greatly  facili¬ 
tates  the  installation  and  assembly  of  the  IR  components. 
Without  this  joint,  two  very  difficult  field- welds  would 
need  to  be  performed  to  join  UHV  flanges  to  the  beryllium 
beampipe  subassembly.  The  magic  flange  uses  a  shaft  seal 
with  differentially  pumped  o-rings  (including  one  which 
provides  the  RF  seal)  in  order  to  eliminate  the  bulk  of  the 
gas  load  which  would  arise  from  permeation.  The  o-rings 
have  been  extensively  tested  for  radiation  damage  and  RF 
sealing  capability.  A  compact  gear-and-nut  assembly  pro¬ 
vides  the  closing  and  opening  forces  in  the  very  small  space 
allowed. 
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Abstract 

Analysis  and  design  details  are  provided  on  quench 
protection  for  the  Cornell  Electron  Storage  Ring  (CESR) 
Phase  HI  interaction  region  (IR)  superconducting  magnets. 
The  proposed  scheme  extracts  much  of  the  stored  energy 
thereby  reducing  thermal  stress  on  the  magnets  and 
mitigating  liquid  helium  loss.  Protection  is  somewhat 
complicated  by  the  fact  that  each  cold  mass  consists  of 
quadrupole,  skew  quadrupole  and  dipole  windings,  and  that 
each  cryostat  contains  two  magnet  units. 

1  INTRODUCTION 

The  CESR  (Cornell  Electron  Storage  Ring)  Phase  III 
Upgrade  includes  a  low  beta  interaction  region  that 
includes  several  superconducting  (SC)  magnets  [1].  There 
are  two  (2)  magnet  assemblies  comprised  of  two  (2) 
magnet  units  per  assembly.  Each  unit  includes  a  main 
quadrupole,  a  skew  quadrupole  and  a  dipole  magnet.  The 
three  magnets  in  each  unit  are  integrally  wound  into  as 
small  a  space  as  possible.  This  paper  describes  quench 
detection  and  protection  for  these  magnets. 


2.1  Calculations 


Fundamental  calculations  were  performed  [2]  to  determine 
the  quench  resistance  as  a  function  of  time,  the 
relationship  between  deposited  energy  and  coil  temperature 
and  to  find  the  optimal  value  of  the  dump  resistor  Rj  for 
each  magnet.  A  trade-off  must  be  made  between  extracted 
energy  and  magnet  lead  voltage.  Rj  was  chosen  such  that 
the  maximum  internal  and  external  voltages  during  a 
quench  are  equal. 

For  the  CESR  SC  IR  magnets,  a  normal  zone  bounded 
in  two  dimensions  after  a  time  ta  is  applicable.  The 
magnet’s  time-dependent  resistance  during  the  early  part  of 
a  quench  may  be  roughly  approximated  by  [3]: 


RQ(t)  = 


3Lt 


forO<t<ta 


lQ 


tK'3-15'«3'2+3'«) 


for  t>ta 


lQ 


(1) 


2  APPROACH 

The  CESR  SC  IR  magnets  are  designed  to  survive 
quenches  without  damage,  even  without  active  protection. 
However,  it  is  prudent  to  minimize  stress  on  the  magnets 
by  detecting  quenches  and  dumping  as  much  of  the  energy 
as  is  practical  into  an  external  load.  Furthermore, 
diverting  this  energy  reduces  the  amount  of  liquid  helium 
that  would  be  boiled  off  in  the  event  of  a  quench,  thereby 
saving  time  and  money.  Since  it  is  not  necessary  to 
divert  all  of  the  stored  energy,  the  simple  approach  of 
using  a  fast,  electro-mechanical  D.C.  switch  is  used. 

CESR  quench  detection  uses  the  coil  voltage 
comparison  method.  Since  the  voltage  across  a  winding 
that  is  quenching  is  relatively  low  (the  voltage  across  the 
quench  resistance  is  mostly  canceled  by  L  dl/dt  of  the 
coil),  the  rate  of  change  of  current  must  be  detected, 
assuming  the  current  regulation  loop  is  slow.  The 
simplest  way  to  do  this  is  to  sense  the  voltage  across 
another  coil  in  the  same  magnet.  Assuming  both 
windings  do  not  quench  simultaneously,  the  changing 
current  due  to  the  quench  induces  a  voltage  across  the  non¬ 
quenching  coil. 
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where  ta  and  L  are  parameters  determined  by  the  physical 
characteristics  of  each  magnet  coil  whereas  tQ  depends  on 
the  physical  magnet  parameters  and  the  initial  stored 
energy.  Table  1  lists  currently  predicted  or  measured 
values  of  these  parameters  for  the  three  types  of  magnets. 


Table  I :  Calculated  CESR  SC  IR  Magnet  Parameters 


Magnet 

Type 

[sec] 

eQ 

[sec] 

L* 

[henryl 

Io 

Tamps] 

Main  Quad 

0.067 

0.45 

0.244 

1225 

Skew  Quad 

0.024 

0.12 

0.115 

325 

Dipole 

0.047 

0.18 

0.024 

200 

*measured 


2.2  Spice  Modeling 

A  circuit  model  was  used  to  explore  the  behavior  of  the 
detection  method  and  to  perform  the  calculations  done  in 
[2]  based  on  the  latest  information  available  including 
measured  magnet  data,  the  actual  detection  circuitry  and 
time  delay  of  the  quench  switch.  These  parameters  were 
used  in  a  PSpice  model  that  simulates  the  growth  in 
quench  resistance  with  time  and  the  action  of  the  detection 
circuitry  and  quench  switch.  The  model  may  also  include 
power  supply  behavior,  for  example,  fast  current 
regulation. 
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Figure  1 :  Equivalent  circuit  of  CESR  SC  IR  magnet  and 
quench  protection  for  a  quench  in  coil  L2  (the  quench 
switch  is  shown  in  its  protection  state). 


The  PSpice  model  includes  the  effects  of  coupling 
between  windings  as  opposed  to  a  simpler  model  that 
considers  the  total  inductance  to  be  split  into  equal  parts 
for  each  winding.  It  was  found  that  coupling  was  not  very 
important  in  its  effect  on  quench  detection  and  that  the 
simple  model  is  adequate  for  these  calculations. 

Figure  1  shows  an  equivalent  circuit  of  a  magnet  during 
a  quench.  Lj  and  L2  are  coils  that  are  sensed  for 
comparison.  A  quench  in  L2  is  represented  by  time- 
dependent  resistor  Rq.  The  quench  switch  opens  after  a 
quench  is  detected  placing  Rj  in  series  with  the  magnet. 
In  the  simple  model  Lj  represents  any  other  coils  in  series 
with  the  magnet,  for  example,  the  other  two  coils  in  a 
quadrupole  magnet.  The  model  with  coupling  uses  each 
coil  explicitly. 

The  standard  method  of  sensing  coil  voltages  uses  a 
common  point  between  two  coils.  However,  a  quench 
that  starts  at  this  common  point  would  propagate  in  both 
directions  away  from  that  point  so  in  that  case  this 
method  of  detection  would  fail  or  produce  a  long  delay. 
Therefore,  we  will  compare  voltages  of  opposite  facing 
coils  of  the  quads.  The  dipole  is  still  susceptible  to  some 
quenches  that  would  not  be  detected  in  a  timely  manner, 
however,  the  stored  energy  is  low  and  the  consequences  of 
delayed  quench  detection  in  that  case  are  minimal. 

2.3  Calculation  Results 

Table  2  lists  dump  resistor  values  and  quench  protection 
delay  times.  Figure  2  shows  the  current  waveform  for  the 
main  quad  with  a  total  delay  time  of  0.19  second  due  to 


Table  2:  Dump  resistor  values  and  protection  times 


Dump 

Protection 

Magnet 

Resistor 

Delay 

Type 

[ohm] 

[seconds] 

Main  Quad 

0.24 

0.19 

Skew  Quad 

0.70 

0.13 

Dipole 

0.11 

0.16 

the  chosen  detection  threshold,  quench  propagation  time 
and  quench  switch  actuation  time  of  100  ms.  Table  3 
lists  calculated  results  for  the  three  types  of  magnets. 


Figure  2:  CESR  SC  IR  main  quad  predicted  current. 


Figure  3:  CESR  SC  IR  main  quad  predicted  voltages 


Table  3:  Calculated  energy  and  voltage 


Magnet 

Type 

Stored 

Energy 

[kj] 

Extracted 

Energy 

[kj] 

Peak 

Voltage 

[volts] 

Main  Quad 

183 

107 

300 

Skew  Quad 

6.1 

1.9 

198 

Dipole 

0.48 

0.15 

19 

3  DESIGN 

Figure  4  is  a  block  diagram  of  the  quench  detection  and 
protection  system.  There  are  two  magnet  assemblies  in 
CESR,  one  in  the  East  IR  and  one  in  the  West  IR.  Each 
magnet  assembly  contains  two  units,  each  unit 
comprising  a  main  quad,  a  skew  quad  and  a  dipole  magnet. 
Each  magnet  has  leads  brought  out  from  superconducting 
regions  for  sensing  magnet  coil  voltages.  With  the  sense 
leads  attached  to  superconducting  regions  and  with  little 
current  flow  in  these  leads,  the  desired  0.5  volt  detection 
threshold  is  reasonably  high.  For  the  main  quad,  this 
threshold  gives  a  detection  delay  time  approximately  equal 
to  the  quench  switch  delay  time. 
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Figure  4:  CESR  Superconducting  Interaction  Region  Magnet  Quench  Detection  System. 


The  coil  sense  leads  enter  the  quench  detection  chassis 
through  connectors  rated  at  600  volts.  Current  limiting 
resistors  are  placed  in  series  with  each  lead  which  then 
connect  to  isolation  amplifiers  on  the  detector  boards. 
The  AD202  isolation  amplifier  has  a  common  mode  range 
of  ±1000  volts,  but  a  maximum  differential  voltage  of 
only  ±5  volts  so  the  input  must  be  clamped. 

Appropriate  coil  voltages  are  subtracted  and  applied  to 
window  comparators  with  ±0.5  volt  thresholds.  The 
comparator  outputs  are  latched  until  reset  by  the  CESR 
control  system.  A  quench  detected  in  one  magnet  of  a 
unit  opens  the  quench  switches  for  all  three  magnets  in 
that  unit  and  also  turns  off  the  power  supplies  for  all  six 
magnets  associated  with  that  side  of  the  IR. 

Electrically  actuated  D.C.  contactors  are  used  as  quench 
protection  switches  and  stamped,  stainless  steel  resistors 
are  used  for  dump  resistors.  There  is  one  quench  switch 
and  one  dump  resistor  per  magnet. 

To  reduce  the  number  of  nuisance  quench  detections,  the 
quench  detector  chassis  are  powered  from  a  common 
Uninterruptible  Power  Supply  (UPS)  allowing  the  system 
to  operate  through  line  transients  and  power  outages. 

Each  quench  detection  chassis  also  houses  monitoring 
electronics  for  the  vapor-cooled  magnet  leads.  Excess 
voltage  drop  in  a  lead  activates  the  quench  switches  to 
protect  the  magnet  leads  from  over  dissipation. 


4  CONCLUSION 

An  approach  for  quench  detection  and  protection  of  CESR 
superconducting  interaction  region  magnets  has  been 
described.  A  design  has  been  presented  based  on  the 
predicted  behavior  of  these  magnets.  When  the  magnets 
are  fully  tested,  actual  coil  voltages  and  currents  during 
quenches  will  be  measured  to  test  the  calculations 
presented  here. 
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Abstract 

This  report  describes  some  solenoid  design  work  done  for 
the  cooling  experiment  for  the  muon  collider 
collaboration.  This  report  describes  an  analysis  section  of 
superconducting  solenoids  that  have  a  center  line  induction 
of  3.0  T.  The  section  is  bent  in  the  shape  of  an  S.  Each 
bend  in  the  S  bends  the  muon  beam  one  radian  (57.3 
degrees).  The  warm  bore  diameter  of  the  solenoid  bent 
solenoid  is  300  to  320  mm.  The  radius  of  the  bend  at  the 
solenoid  center  line  is  1000  mm.  This  report  shows  the 
results  of  three  dimensional  field  calculations  and  presents 
a  solenoid  design  that  will  include  four  TPC  detectors  that 
are  240  mm  in  diameter  and  550  mm  long  as  well  as  a 
1300  mm  long  section  of  1300  MHz  RF  cavities.  The 
TPC  sections  need  a  solenoid  warm  bore  diameter  of 
about  300  320  mm  while  RF  cavities  require  a  warm  bore 
diameter  of  440  mm.  The  superconducting  solenoid 
design  must  take  into  account  the  varying  warm  bore 
diameter  requirements  for  the  magnet  string  yet  meet  the 
stringent  solenoidal  field  uniformity  requirements  within 
the  active  volume  Of  the  four  TPCs. 

1  BACKGROUND 

The  proposed  muon  cooling  experiment[  1 ,2]  consists 
of  a  pair  of  S  shaped  solenoid  bends  each  of  which  has 
two  bent  solenoids,  and  straight  solenoids  for  four  TPC 
detectors  and  an  805  MHz  RF  cavity [3].  Between  the 
two  S  shaped  bend  sections  is  a  straight  muon  cooling 
section.  The  energy  and  momentum  of  the  muon  beam 
are  analyzed  by  the  S  shaped  bent  solenoid  systems  before 
and  after  the  straight  solenoidal  muon  cooling  section. 

After  the  beam  first  analysis,  the  muon  beam  enters  a 
muon  cooling  section  that  is  about  15  meter  long.  The 
cooling  section  consists  of  ten  alternating  solenoids  with 
a  peak  induction  of  15  T.  The  muons  are  cooled  by  a 
liquid  hydrogen  section  that  is  about  400  mm  long  and  70 
mm  in  diameter.  After  the  muon  momentum  has  been 
reduced  by  about  25  MeV/c,  the  muon  are  re  accelerated  by 
a  900  mm  long  805  MHz  RF  cavity  section  back  to  their 
original  energy  of  about  200  MeV.  The  second  S  shaped 
solenoid  section  analyzes  the  energy  and  momentum  of 
the  muons  after  they  have  gone  through  cooling. 

The  bent  solenoid  separates  muons  by  momentum 
spatially  across  the  bore  of  the  solenoid  following  the 
bent  solenoid.  A  coil  that  generates  a  pure  dipole  field  in 
the  bent  solenoid  moves  the  momentum  separated  muons 
so  that  their  momentum  separation  is  distributed  around 
the  center  of  the  solenoid  following  the  bent  solenoid. 
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2  THE  BENT  SOLENOID  DESIGN 

The  following  design  assumptions  were  used  for  the 
preliminary  design  of  the  superconducting  bent  solenoid 
system:  1)  Magnetic  flux  is  conserved  in  the  solenoids. 
Magnetic  flux  conservation  means  that  all  of  the  solenoid 
coils  have  the  same  average  current  radius.  2)  The  warm 
bore  diameter  for  the  for  the  two  TPC  solenoids  and  the 
bent  solenoid  is  320  mm.  The  solenoid  around  the  RF 
cavity  has  a  warm  bore  diameter  of  440  mm.  3)  The 
bend  angle  for  the  bent  solenoid  is  57.3  degrees  (1  radian). 
The  bend  radius  for  the  bent  solenoid  axis  is  1000  mm. 
4)  The  bent  solenoid  induction  on  axis  is  3.0  T.  The  bent 
solenoid  dipole  is  set  at  0.51  T  on  the  axis.  The  dipole 
windings  are  assumed  to  be  separately  powered  from  the 
solenoid  windings  in  the  bent  solenoid.  The  value  of  the 
bent  solenoid  dipole  induction  can  be  increased  to  0.75  T, 
if  needed.  5)  Standard  MRI  superconductor  is  assumed  for 
the  solenoid  windings.  The  solenoids  are  hooked  together 
electrically  in  series.  6)  In  the  TPC,  the  integral  of  the  r 
component  of  field  over  the  integral  of  the  z  component 
of  field  is  less  than  0.0002  within  the  TPC  active 
volume.  The  TPC  active  volume  is  assumed  to  be  160 
mm  in  diameter  by  500  mm  long  near  the  center  of  the 
TPC  solenoid.  7)  The  TPC  cables  are  fed  out  of  the 
solenoid  through  room  temperature  slots  between  coils 
that  are  located  at  the  ends  of  the  TPCs  away  from  the 
bent  solenoid.  8)  The  two  TPC  solenoids,  the  bent 
solenoid  and  the  RF  solenoid  share  a  common  cryostat 
vacuum  vessel.  The  two  straight  solenoids  and  the  bent 
solenoid  are  assumed  to  have  separate  cold  mass  support 
systems.  The  cryostat  ends  at  the  center  of  the  RF  cavity 
so  that  the  RF  wave  guide  can  enter  the  cavity  between 
the  solenoids.  9)  Conduction  cooling  to  a  system  of 
pipes  carrying  two-phase  helium  is  assumed. 

The  superconducting  magnet  system  from  the  first 
TPC  solenoid  to  the  solenoid  that  covers  half  of  the  RF 
cavity  is  shown  in  Figure  1.  The  average  coil  diameter 
for  the  magnets  shown  in  Figure  1  is  480  mm.  The 
smallest  coil  diameter  in  the  TPC  magnet  section  is  about 
450  mm.  The  coils  around  the  RF  coil  clear  the  warm 
bore  of  the  cryostat  by  about  10  mm.  The  coils  around 
the  RF  cavities  are  located  inside  of  an  aluminum  support 
structure  that  has  the  helium  cooling  tube  attached  to  it. 
The  extra  dipole  coils  for  the  bent  solenoid  ate  not  shown 
in  Fig.  1.  The  solenoidal  coils  parameters  are  shown  in 
Table  1.  All  of  the  solenoidal  coil  shown  in  Fig.  1  and 
described  in  Table  1  are  designed  to  be  powered  by  a 
single  power  supply.  The  total  stored  energy  in  the  string 
shown  in  Fig.  1  is  3.44  MJ.  The  high  current  density 
magnet  coils  (163.3  A  per  square  mm)  would  require  that 
the  coils  be  subdivided  so  that  they  can  be  protected  by 
cold  diodes  and  resistors. 
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Magnet 


TPC  Solenoid  Section  #  2 

Bo  =  3.0  T 
Ri  =  160  mm 
Ro  =  400  mm 
Rci  =  230  mm  (center) 
Rco=  250  mm  (center) 
Rci  =  220  mm  (end) 
Rco  =  260  mm  (end) 
Lc  =  1160  mm  (total) 
Lc  =  510  mm  (center) 


TPC  Solenoid  Section  #  1 

Bo  =  3.0  T 
Ri  =  160  mm 
Ro  =  400  mm 
Rci  =  230  mm  (center) 
Rco  =  250  mm  (center) 
Rci  =  220  mm  (end) 
Rco  =  260  mm  (end) 
Lc  =  1520  mm  (total) 
Lc  =  750  mm  (center) 


Bo  =  3.0  T  (on  axis) 

Bd  =  0.51  T  (on  axis) 
Bp- 4.4  T 
Ri  =  160  mm 
Ro  =  400  mm 
Rci  =  224  mm 
Rco  =  256  mm 
Bend  Angle  =  57.3  degrees 
Bend  R  =  1000  mm  (at  axis) 
Lc  =  1220  mm  (on  axis) 
Ncoil  =  11 


Figure  2:  A  Cross-section  of  a  57.3  degree  Bent  Solenoid  section  with  Straight  Solenoid  Sections 
for  Half  of  an  RF  Cavity  and  two  TPC  Detectors 


Table  1:  Magnet  Parameters  for  the  Bent  Solenoid  System 


TPC  #  1 

Bent  Sol. 

TPC  #2 

RF  Sol. 

Warm  Bore  Diameter  (mm) 

320 

320 

320 

440 

Cryostat  Outer  Diameter  (mm) 

800 

800 

800 

800 

Cryostat  Section  Length  on  axis  (m) 

1.7 

1.2 

1.6 

0.8 

Coil  Average  Diameter  (mm) 

480 

480 

480 

480 

Coil  Thickness  (center)  (mm) 

17.9 

25.7 

17.9 

17.9 

Coil  Thickness  (ends)  (mm) 

34.8 

NA 

34.8 

34.8 

Number  of  layers  (center) 

16 

23 

16 

16 

Number  of  Layers  (ends) 

32 

NA 

32 

32 

Central  Induction  on  axis  (T) 

3.0 

3.0 

3.0 

3.0 

Coil  Design  Current  (A) 

257.3 

257.3 

257.3 

257.3 

Coil  Section  Stored  Energy  (MJ) 

1.10 

0.78 

1.04 

0.52 

Coil  Section  Inductance  (H) 

33.2 

23.7 

31.4 

15.7 

Conductor  Current  Density  (A  mm'2) 

163.3 

163.3 

163.3 

163.3 

EJ  (J  A2  nr4)* 

2.9  x  1022 

2.1  x  1022 

2.8  x  1022 

1.4  x  1022 

*  Quench  protection  must  be  supplied  to  each  magnet.  Cold  diode  and  resistor  quench  protection  is  attractive  for  these  magnets.  A  separate 
power  supply  can  be  used  for  each  string  of  magnets.  HTS  current  leads  could  be  used. 
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3  THE  BENT  DIPOLE 

Figure  1  does  not  show  the  dipole  coils  needed  to 
move  the  momentum  separated  muon  back  to  the  center  of 
the  solenoid.  When  the  muon  momentum  is  180  MeV/c 
and  the  bent  solenoid  induction  on  axis  is  3.0  T,  a  pure 
dipole  of  0.5 1  T  will  center  the  muon  momentum  spread 
about  the  physical  center  of  the  dipole.  The  dipole  must 
be  a  pure  dipole  to  do  this.  At  first  blush,  it  appears  that 
mounting  a  cosine  theta  current  distribution  on  the  outside 
of  the  bent  solenoid  (or  just  inside  the  bent  solenoid  coils) 
would  produce  a  pure  dipole.  Unfortunately,  it  produces  a 
gradient  dipole  (a  pure  dipole  plus  a  quadrupole)  that  is 
stronger  on  the  inside  than  on  the  outside.  Redistributing 
the  cosine  theta  coils  so  that  the  current  density  as  a 
function  of  angle  is  the  same  on  the  inside  of  the  bend  and 
the  outside  of  the  bend  will  get  rid  of  the  gradient.  This 
means  that  the  pole  for  the  dipole  is  displaced  outward 
away  from  the  axis  of  the  major  bend.  The  displacement 
angle  with  respect  to  a  bent  plane  that  passes  through  the 
bent  axis  of  the  solenoid  is  only  a  few  degrees.  The 
amount  of  this  angle  is  dependent  on  the  radius  of  the 
dipole  with  respect  to  the  minor  axis. 

The  ends  of  the  dipole  pose  a  problem  in  that  they 
introduce  local  field  errors.  The  integrated  dipole  field 
along  the  minor  axis  of  the  bent  solenoid  due  to  the  ends 
of  the  dipole  can  be  made  quite  good.  This  is  an 
acceptable  solution  provided  the  longitudinal  gyration 
period  of  the  muons  in  the  solenoid  is  long  compared  to 
the  radius  of  the  dipole  coils. 

The  dipole  coils  should  be  separately  powered  from 
the  solenoid  coils.  This  will  allow  the  dipole  to  be 
adjusted  for  the  average  momentum  of  the  muons  in  the 
cooling  channel.  The  muon  cooling  experiment  is 
expected  to  be  done  over  a  range  of  muon  momenta  from 
160  MeV/c  to  250  MeV/c.  An  adjustment  of  the  dipole 
field  that  is  separate  from  the  solenoid  field  will  permit  a 
range  of  muon  momenta  to  be  analyzed.  The  design  peak 
induction  (on  the  center  of  the  bent  solenoid)  for  the 
dipole  in  the  bent  solenoid  could  be  as  high  as  0.8  T, 
whereas  the  nominal  dipole  induction  is  0.51  T. 

4  SOLENOID  FIELD  UNIFORMITY 

The  field  uniformity  specification  for  the  straight 
solenoids  is  nominally  1  part  in  1000  at  a  75  mm  radius. 
The  studies  that  were  done  were  done  for  solenoids  with 
coils  that  have  a  200  mm  current  radius.  The  field 
uniformity  possible  appears  to  be  about  1  part  in  2000 
within  this  region.  The  studies  also  indicate  that  a  field 
uniformity  of  better  than  1  part  in  1000  is  achievable  even 
when  there  is  a  100  mm  gap  between  coils,  provided  the 
ends  of  the  coils  are  built  up  to  make  up  for  the  missing 
current  in  the  gap. 

The  field  times  the  radius  from  the  major  axis  within 
the  curved  section  is  for  the  most  part  good  to  1  part  in 
500.  The  computer  model  used  ten  straight  coils  with  an 
average  current  radius  of  200  mm  to  calculate  the  field 
uniformity  within  the  bent  solenoid.  The  uniformity  of 
the  field  times  the  distance  from  the  major  axis  improves 
as  the  number  of  coils  in  the  bent  solenoid  increases,  The 


greatest  field  non  uniformity  occurs  at  the  transition  from 
the  straight  section  to  the  curved  section.  The  pure  dipole 
field  can  be  made  uniform  to  1  part  1000  except  where  the 
ends  cross  over  the  solenoidal  coils.  Moving  the  current 
sheet  out  to  a  radius  of  240  mm  should  improve  the  field 
uniformity  by  more  than  a  factor  of  two. 

5  CONCLUDING  COMMENTS 

It  appears  that  a  superconducting  bent  solenoid 
system  can  be  built  for  the  muon  cooling  experiment 
using  existing  MRI  superconductor.  The  dipole  coils  can 
also  using  MRI  superconductor.  Conduction  cooling  of 
the  superconducting  coils  using  two-phase  helium  in 
tubes  appears  to  be  a  good  way  of  cooling  these  coils. 

The  field  uniformity  required  for  the  TPC  detectors 
appears  to  be  achievable  in  a  superconducting  solenoid 
magnet  with  an  average  coil  radius  of  240  mm.  The  bent 
solenoid  field  uniformity  (defined  as  the  field  uniformity 
times  the  distance  from  the  major  axis)  within  a  bore  that 
is  75  mm  in  radius  is  also  acceptable  for  a  ten  coil  bent 
solenoid  with  an  average  current  radius  of  240  mm. 

A  winding  configuration  of  a  pure  dipole  coil 
mounted  onto  the  bent  solenoid  also  appears  to  be 
possible  to  fabricate.  The  major  problem  with  this  dipole 
is  the  effect  of  end  windings  on  the  field  uniformity 
within  both  the  straight  and  bent  solenoids.  For  the 
dipole  solution  to  be  acceptable,  the  integrated  dipole  field 
must  be  uniform  and  the  gyration  length  for  the  muons  in 
the  solenoid  must  be  long  compared  to  the  dipole  radius. 
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Abstract 

A  one-meter  long  magnet  has  been  fabricated  to  provide 
background  field  for  testing  racetrack  shaped  coils  made 
from  high  field  materials  such  as  Nb}Sn,  Nb,Al  and  the 
new  high  temperature  superconductors,  BSCCO  and 
YBCO.  The  magnet  is  of  the  double  aperture  common 
coil  type  and  uses  high  current  Nb-Ti  main  coils  to 
produce  an  applied  field  of  approximately  7T  on  inner 
coils  fabricated  from  pre-reacted  tape  conductors.  The 
performance  of  the  magnet  is  summarized  along  with  test 
results  from  insert  coils  wound  from  N3Sn  ribbon 
conductor. 

1  INTRODUCTION 

Superconducting  magnets  for  accelerator  applications 
have  been  made  almost  exclusively  from  the  ductile  alloy 
NbTi.  In  the  LHC  machine  at  CERN  the  superconducting 
coils  will  be  operated  in  superfluid  helium  to  extract  the 
highest  possible  performance  from  this  versatile  material. 
Future  accelerators  designed  to  operate  at  even  higher 
fields  and  temperatures  will  have  to  utilise 
superconductors  with  less  desirable  mechanical 
properties.  The  A 15  compounds  N3Sn  and  Nb3Al  have 
much  higher  upper  critical  fields  than  NbTi  but  are  brittle 
and  can  only  be  subjected  to  limited  mechanical  strain. 
This  is  also  true  for  the  new  high  temperature 
superconductors  such  as  BSCCO  and  YBCO  so  that 
magnets  made  from  these  materials  must  be  formed  by 
either  reacting  the  conductor  after  winding  or  developing 
a  design  in  which  the  conductor  is  subjected  to  limited 
stress  during  fabrication.  Gupta  [1]  has  proposed  a 
magnet  with  flat  racetrack  shaped  coils  readily  wound 
from  high  aspect  ratio  conductor.  In  this  geometry  the 
magnet  has  two  apertures  with  magnetic  fields  of  opposite 
polarity,  ideal  for  colliding  beam  machines.  This 
configuration  also  allows  the  minimum  bending  radius  of 
the  conductor  to  be  determined  by  the  separation  of  the 
apertures.  A  magnet  of  this  type  is  illustrated  in  Fig.  1.  It 
can  be  viewed  as  two  classical  “window  frame”  magnets 
in  a  single  yoke.  Both  the  windings  shown  on  the  right 
side  of  the  diagram  are  part  of  the  same  racetrack  coil  with 
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Figure  1  Cross  section  of  the  windings  in  the  common  coil 
magnet.  The  turns  on  the  right  form  one  half  of  the  upper 
and  lower  dipoles,  but  are  part  of  the  same  racetrack  coil. 
Similarly,  the  turns  on  the  left  side  form  the  other  half  of 
each  dipole.  The  test  windings  are  positioned  inside  the 
high  current  cable  coils  in  a  region  of  relatively  uniform 
field. 

the  upper  block  of  conductors  forming  one  half  of  the 
windings  of  the  top  magnet  and  the  lower  block  of 
conductors  forming  half  of  the  lower  magnet,  thus  the  name 
“common  coil”.  The  magnetic  force  distribution  in  this 
device  is  quite  different  than  in  a  Cos0  coil  so  that  most  of 
the  force  is  across  the  width  of  the  conductor  rather  than 
across  its  thickness.  This  is  because  the  coils  are  connected 
in  opposition  to  force  the  flux  up  or  down  thru  the  apertures 
as  illustrated  in  Fig.  2.  Because  the  coils  are  flat  and  the 
minimum  bending  radius  can  be  quite  large  they  are  ideally 
suited  to  fabrication  from  relatively  brittle  conductors. 


2  MAGNET  DESIGN 

Since  the  present  high  cost  and  limited  performance  of  high 
temperature  superconductors  (HTS)  makes  it  impractical  to 
design  a  double  dipole  using  only  HTS  material,  we  have 
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Figure  2.  The  field  distribution  in  the  straight  portion  of  Figure  3.  The  mechanical  details  of  the  common  coil 
the  common  coil  magnet.  Field  strength  is  indicated  by  magnet.  The  iron  core  is  split  vertically  to  facilitate 
the  shading.  changing  the  insert  coils. 


chosen  a  hybrid  design  where  the  main  coils  are  made  from 
NbTi  cable  (surplus  from  the  SSC  Project)  and  auxiliary  or 
insert  coils  are  made  from  developmental  conductors  (see 
Fig.  1).  The  NbTi  coils  are  wound  using  techniques  and 
insulation  perfected  by  the  SSC  and  RHIC  Projects.  Each 
coil  is  formed  as  a  double  pancake  from  a  single  length  of 
conductor.  The  iron  yoke  halves  are  made  of  blocks  cut 
from  3”  thick  plate  and  epoxyed  together.  Figure  3  shows 
the  mechanical  details.  This  yoke  is  split  vertically  so  that 
the  magnet  can  be  separated  easily  to  replace  the  insert 
coils. 

Rectangular  aperture  pieces  fit  between  the  coils  to  simulate 
beam  tubes  and  provide  access  for  magnetic  measurements. 
Mechanical  loading  of  the  coils  is  provided  face  on  by  the 
large  bolts  holding  the  yoke  together  and  from  the  side  by  a 
series  of  set  screws  as  shown  in  Fig.  3.  The  tape  insert  coils 
are  wound  on  G-10  formers  using  Kapton  insulation  and 
then  coated  with  epoxy.  The  magnet  is  assembled  in  halves 
and  then  bolted  together.  Only  one  connection  is  required 
between  each  set  of  coils  so  that  changing  inserts  is 
relatively  straightforward.  The  main  coils  provide  a 
reasonably  uniform  field  over  the  volume  occupied  by  the 
insert  coils. 

When  the  current  density  and  economic  aspects  of  HTS 
conductors  improve,  the  NbTi  coils  will  be  replaced. 


3  MAGNET  PERFORMANCE 

The  magnet  exhibited  considerable  “training”  when 
powered  as  shown  in  Fig.  4.  A  peak  field  of  5.8T  was 
achieved  before  the  first  quench  and  6.6T  after  five 
quenches.  The  maximum  field  expected  based  on 
measurements  of  the  conductor  used  is  7.3T  at  9kA.  When 
the  magnet  is  energized  the  coils  are  forced  apart  and  the 
resulting  motion  is  thought  to  be  the  source  of  the 
disturbances  that  initiate  premature  quenches.  In  principle  a 
large  part  of  this  training  could  be  eliminated  by  preloading 
the  coils  using  the  large  bolts  which  hold  the  yoke  halves 
together.  In  practice,  it  was  found  that  turn  to  turn  short 
circuits  in  the  coil  appeared  at  quite  low  pressure  (~5mPa) 
so  that  it  was  not  possible  to  put  a  significant  preload  on  the 
coil  and  maintain  electrical  integrity.  Despite  this  limitation 
the  magnet  was  able  to  produce  over  90%  of  the  expected 
background  field  for  testing  insert  coils.  The  shorting 
problem  is  confined  to  the  transition  region  between  the  two 
halves  of  the  double  pancake  winding.  It  is  expected  that 
improved  insulation  will  allow  higher  preloading  and 
reduced  training  in  subsequent  tests. 
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4  INSERT  COIL  PERFORMANCE 

The  first  set  of  insert  coils  were  wound  from  Nb3Sn  tape 
3mm  wide  and  0.3  mm  thick.  These  dimensions  are  typical 
of  HTS  conductors  and  this  coil  was  intended  as  a 
benchmark  for  comparing  the  performance  of  these  new 
materials  with  more  conventional  low  temperature 
superconductors.  The  test  consisted  of  setting  the  applied 
field  at  a  predetermined  level  with  the  main  winding  and 
then  increasing  the  current  in  the  insert  coils  until  a  quench 
occurs.  The  results  are  shown  in  Fig.  5.  The  field  on  the 
test  coil  increases  slightly  with  current  due  its  self  field. 
The  conductor  used  in  this  coil  appears  to  be  inherently 
unstable  since  the  quench  currents  are  well  below  the 
critical  current  at  all  field  levels  and  independent  of  applied 
field.  The  coils  do  not  train  but  quench  randomly  at  values 
between  200  and  300  amps.  The  conductor  used  in  these 
coils  is  made  by  diffusing  tin  into  a  thin  niobium  sheet  to 
form  a  Nb3Sn  layer  on  each  side  and  then  laminating  with 
copper  stabilizer.  Since  the  superconducting  material  is  in  a 
continuous  film  large  magnetization  currents  can  develop 
during  ramping  possibly  leading  to  premature  quenching. 
Additional  tests  at  very  low  ramp  rates  are  scheduled  for  the 
next  experimental  run  to  examine  the  dynamic  properties  of 
these  coils. 


5  CONCLUSIONS 

The  training  behaviour  observed  in  the  main  coils  indicate 
improvements  are  needed  in  the  mechanical  structure  of  the 
magnet.  Improving  the  insulation  so  that  higher  prestress 
can  be  applied  during  assembly  should  reduce  or  eliminate 
this  problem.  While  the  performance  of  the  insert  coils  is 
considerably  below  expected  levels,'  they  do  provide  a 
useful  reference  point  for  gauging  the  performance  of 
similar  windings  made  from  HTS  conductor. 
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Figure  4.  The  training  behaviour  of  the  main  winding  of  the 
common  coil  magnet. 


Figure  5.  Nb3Sn  insert  coil  quench  currents  plotted  against 
the  applied  field  for  ramp  rates  greater  than  1  A/s 
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Abstract 

The  early  design  and  test  results  have  been  previously 
reported.  [1]  During  the  subsequent  operation  of  “D20” 
the  accelerator  prototype  dipole  has  provided  both 
additional  and  more  detailed  data  as  to  its  characteristics 
and  performance.  D20’s  use  as  a  test  facility  for  high 
field  critical  current  measurements  [21  has  provided 
operational  experience  and  history  pertaining  to 
accelerator  required  characteristics.  There  has  been 
recently  obtained  data  related  to  field  quality,  operational 
reproducibility  and  reliability,  which  will  be  presented. 
This  prototype  “D20”  has  attained  the  highest  magnetic 
field  of  any  accelerator  prototype  dipole  constructed  and 
tested  to  date.  The  magnet  has  continued  to  operate 
routinely. 

1  INTRODUCTION 

D20  was  designed  as  a  “proof  of  principle”  demonstration 
that  a  high  field  >10T  accelerator  type  dipole  could  be 
constructed  from  brittle  superconductor  (A-15,  hi-Tc,  etc) 
and  operate  in  the  range  above  ten  tesla.  The  magnet 
design  parameters  [3]  and  its  early  test  data  have  been 
reported.!  1]  There  was  a  concern  at  that  time  that  a 
serious  performance  limit  had  arisen  from  possible 
conductor  degradation.  There  were  a  number  of  erratic 
quenches  occurring  in  the  Nb3Sn  conductor  near  a  Nb3Sn 
/NbTi  splice  box.  These  events  were  occurring  at  lower 
and  lower  fields  (~11T(4.4K)).  It  had  been  previously 
decided  to  use  D20  as  a  facility  to  provide  high  fields  for 
long  straight  cable  critical  current  “Ic”  measurements.  In 
the  course  of  obtaining  the  Nb3Al  “Ic”  data,  the  magnet 
was  cycled  to  fields  ~12.5T(4.5K)  without  incident. 
There  has  been  a  re-examination  of  the  early  data.  These 
checks  have  discovered  some  data  filtering  problems  as 
well  as  a  few  calibrations  that  needed  to  be  updated.  The 
subsequent  analysis  results  and  those  corrected  data  are 
reported  at  this  time  as  well. 

2  DESIGN  &  OPERATIONAL 
PARAMETERS 
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D20  is  a  four  layer  graded  cable  cosine  0  winding 
distribution  50mm  bore  1  meter  long  dipole.  The  inner 
two  layers  (1&2)  used  one  size  and  the  outer  two  layers 
(3&4)  another.  The  coils  are  double  layers  of  Nb3Sn/Cu 
“Rutherford”  cable  wound,  reacted,  fiberglass  insulated 
and  fully  epoxy  impregnated.  In  Table  1  the  inner  cable 
design  current  densities  and  currents  are  compared  to  the 
measured  cable  and  strand  value.[4]  The  magnet’s 
operational  and  peak  performance  current  densities 
achieved  at  4.4K  are  given  as  well.  These  data  are 
compared  at  the  position  where  the  critical  current  at  the 
local  stress  level  are  reached  as  either  measured  by  the 
cable  Ic(strain,  H)  or  the  strand  extrapolated  by  using  the 
percentage  reduction  seen  by  cables  made  from  it.  There 
were  strands  of  two  different  geometries  used  and  their 
sensitivity  to  transverse  strain  was  different  by  a  factor 


Table  1:  Currents/tum,  Current  Densities,  and  Fields 


Amp/tum 

(kilo- 

amp) 

A/mm'( 

overall) 

Central 

Field 

(T) 

Design  (140MPa) 

(measured] 

6400 

276 

13 

(12.961 

IGC  cable  meas.[4]  (~95MPa*)  I. 

6320 

273 

12.82 

TWA  cable  meas.[41(-95MPa)  I. 

6618 

285 

13.44 

IGC  strand  meas.  (-95 MPa)  I. 

6820 

294 

13.7 

TWA  strand  meas.  (~95MPa)  I. 

6904 

298 

13.84 

D20  operating  at  4.4K 

6303 

272 

12.78 

D20  normal  operation  at  4.4K 

6109 

263 

12.44 

’This  is  the  critical  peak  field/strain  point  value 


of  six  at  lOOMPa  (3.7%  vrs.  23%).  These  results  lead  to 
the  conclusion  that  the  mechanism  operating  here  is 
extrinsic  and  can  be  designed  for  a  minimum  impact.  The 
two  manufacturers  of  the  two  types  of  strand  were 
Intermagnetics  General  Corporation  (IGC)  and  Teledyne 
Wah  Chang  (TWCA).  The  magnet  has  not  spontaneously 
quenched  in  the  critical  peak  field/strain  location  as  of  yet. 
The  coil’s  end,  pole,  azimuthial,  and  axial  spacers  were 
made  from  Al-bronze.  The  bronze  was  reasonably 
matched  the  windings  thermo-mechanical  properties.  The 
double  layered  coils  were  assembled  with  the  appropriate 
shimming  and  placed  in  a  bronze  sleeve.  The  assembly 
was  then  placed  inside  the  iron  yoke  pieces  on  the  straight 
sections  and  stainless  steel(ss)  on  either  end.  The  coil 
assembly  with  bronze  sleeve  and  longitudinally  bolted 
yokes  was  covered  by  a  split  thin  ss  bobbin  and  18  layers 
of  tensioned  rectangular  ss  wire  was  wound  in  it  to 
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preload  the  coils  to  ~  100  and  ~65  MPa,  inner  and  outer 
layer  respectively.  Next,  a  set  of  iron  end  plates  were 
bolted  on  and  an  outer  ss  skin  was  welded  to  them.  The 
end  bullets  were  then  torqued  in  stages  to  axially 
compress  the  coil  up  to  820  kN.  The  assembly  of  D20  is 
shown  in  Figure  1  with  the  location  of  instrumentation. 
The  windings  were  actively  protected  by  25pm  thick  ss 


DC  LOAD  BOLTS  DETAIL' 
HALF  MCLUOC  SG  READOUT 

oea-Ts/ei® 


D20  INSTRUMENTATION  LOCATION 
Figure  1:  D20  Assembly 

Quench  Current(Ramp  Rate) 


0  1  2  3  4  5  6 

Ramp  Rate  (T/min.) 

Figure  2:  Quench  current  at  4.4K  versus  ramp  rate 

heaters  which  covered  >80%  of  the  turns,  and  were 
located  next  to  each  layer  in  a  ss/Kapton  laminate  with  the 
voltage  tap  traces.  The  protection  heaters  routinely 
operated  at  a  surface  power  density  of  75  and  27  w/cm2 
for  inner  and  outer  layers  respectively.  The  highest 
average  winding  temperatures  after  quench  were  in  the 
outer  layers  (between  165K-185K).  When  the  quench 


originated  in  an  outer  turn,  the  highest  hot  spot  estimate 
was  234K.  By  comparison,  the  inner  two  layers  averaged 
80K  -  120K  and  if  it  originated  there  the  highest 
temperature  estimate  was  152K.  The  maximum  number 
of  Miits(Million-ampere2-seconds)  absorbed  during  a 
quench  during  the  test  was  4.3.  The  Miits  of  the  4.4K 
quenches  increase  almost  linearly  from  3  to  4  from  fields 
of  10  to  12.8T.  In  super  fluid  helium  Miits  vary  from  3.8 
to  4.3  from  12  to  13.1  and  dropped  back  to  4.1  by  13.5T. 
The  quench  history  as  a  function  of  ramp  rate  with  an 
open  bore  filled  with  LHe  at  4.4K  is  given  in  Figure  2. 
During  the  Nb3Al  “Ic”  test,  it  was  found  that  the  knee  of 
the  curve  had  moved  from  lT/min  to  about  half  that 
value.  This  was  attributed  to  the  restriction  of  LHe  in  the 
magnet  aperture.  The  magnet  tolerated  the  modest  heat 
input  from  the  Nb3Al  cable  sample  being  driven  normal  in 
the  aperture  conducting  a  few  kiloamperes  at  magnetic 
fields  up  to  -12.5T. 

3  HISTORY 

There  have  been  three  full  cool  down  cycles  from  room  to 
LHe  temperature  of  D20  to  date.  Each  of  these  cycles 
was  to  change  the  aperture  configuration  therefore 
requiring  the  cryostat  to  be  partially  disassembled  and 
reassembled.  In  order  to  measure  the  harmonic  content  of 
the  aperture  field;  there  had  to  be  an  anti-cryostat  installed 
and  aligned  in  the  bore  of  D20.  Once  this  was 
accomplished  a  high  speed  “Morgan  Coil”  was  inserted 
and  harmonic  data  obtained.  The  time  constant  for  the 
sextupole  decay  from  ramped  values  to  dc  at  fields  >1T 
was  ~1.5min.  Table  2  gives  dc  values  of  the  Fourier 
Coefficients  normalized  at  1cm  at  2.5T  as  measured  by 
the  rotating  “Morgan  Coil”.  The  dc  harmonics  measured 


Table  2:  D20  Harmonics  at  2.5T(I=1086A) 


N© 

Desig 

n 

Meas. 

Units 

2© 

-0.0 

-1.5  j;0.8 

xlO  "'em1 

3© 

-0.8 

-3.8  ±1.6 

xlO"1  cm'2 

4© 

0.0 

<1 1.21  ±1.2 

xlO4  cm3 

50 

0.0 

-0.8  ±0.5 

xlO4  cm"1 

+  out  of  phase. 


are  on  the  order  of  the  design  values  with  the  exception  of 
the  quadrupole  term.  The  quadrupole  term  however  was 
expected  due  to  the  size  difference  of  the  double  layer 
inner  coils,  top  compared  to  the  bottom.  The  width  of  the 
sextupole  dc  hysteresis  curve  at  1.5T  is  6.5units  and  at  9T 
clunit.  At  a  ramp  rate  of  1  T/min,  the  width  of  the 
sextupole  hysteresis  curve  at  9T  is  5units  as  analyzed  by 
the  tangential/bucked  coil  system.  [5]  The  transfer 
function  varies  from  23.5  g/amp  at  2T  to  21.7  g/amp  at 
10T.  The  third  full  thermal  cycle  occurred  in  order  to 
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install  the  lm  long  “short  cable”  sample  mount  and  the 
NbjAl  cable  in  order  to  measure  the  critical  currents  from 
10T  to  12.5T  at  4.4K.  The  sample  joints  were  made  to 
the  copper  return  leg  in  the  low  field  regions  between  the 
magnet  winding  ends  and  the  iron  end  plates.  (Figure  1) 
D20  was  quenched  a  few  times  until  the  increased 
sensitivity  to  ramp  rate  was  appreciated  when  the  bore  is 
not  full  of  liquid  helium.  This  sensitivity  had  been  present 
on  the  second  cool  down  but  had  not  been  recognized. 
There  were  problems  with  the  co-axial  power  leads 
quenching  the  current  joints  of  the  sample.  This  situation 
resulted  in  quite  a  bit  of  heat  being  generated  in  the 
aperture  during  the  measurements.  However  unlike  the 
second  full  thermal  cycle  where  quench  performance  had 
been  at  best  erratic;  D20  returned  to  fields  of  -12.5T 
without  quenching  other  than  the  ramp  rate  driven  type 
early  in  the  test.  (Figure  3)  The  problematic  area  of  the 
magnet  (i.e.  the  outer  layer  coil  lead  between  the  magnet 
and  just  before  the  Nb3Sn/NbTi  splice  and  splice  box) 
appears  to  be  stable  at  this  time.  There  are  several  unique 
features  about  this  particular  area  in  this  particular  coil  as 
was  noted  earlier  [1]  and  the  presence  of  a  thick  Kapton 
shim  (254|im)  additionally  locally  reduces  the  modulus. 

4  CONCLUSIONS  &  DISCUSSION 

It  appears  that  D20  has  not  been  degraded  (or  at  least 
appears  not  to  be  presently  limited  in  quench  current  by 
conductor  damage)  by  the  60*  spontaneous  quenches  and 
the  60*  experimentally  initiated  quenches.  In  Table  3  the 
4K  maximum  current  densities  and  design  values  are 
given.  The  outer  cable  has  been  quenched  with  a  copper 
stabilizer  current  density  “J”  of  1535  amps/mm2  in  Super 
Fluid  helium.  D20  has  routinely  operated  at  currents  that 
in  the  advent  of  a  quench;  the  “J(Cu  )”  would  be  1400 
amps/mm2.  To  date,  the  maximum  temperature  during 
4.4K  operation  measured  in  the  windings  after  a  quench 

l 

D20.  Recent  Training  History 


have  been  in  the  100K  to  200K  range,  which  appears 
moderate.  During  the  experiments  using  the  inner 
protection  heaters  to  measure  the  wattage  margin  of  the 
inner  windings, [1]  it  became  apparent  that  the  magnet  was 
protected  by  the  outer  winding  protection  heater  sets(4) 


Table  3:  Current  Densities 


D20 @  13T 
6420A  @4.2K 

Inner  Cable  IGC  @ 
4.4K 

Outer  Cable  TWCA  @ 

4.4K 

Design 

Reached 

Design 

Reached 

J„.  (A/mm2) 

1302 

1282 

1462 

1440 

J . (A/mm2) 

559 

551 

1550 

1527 

alone  with  less  than  a  50K  increase.  It  is  not  clear  at  this 
time  that  this  is  true  for  the  inner  layer  sets(4)  as  well.  It 
has  been  decided  to  mount  “D20”  in  a  vertical  dewar  in 
order  to  decrease  the  turn-around-time  for  its  use  as  a 
short  sample  facility. 
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Abstract 

A  common  coil  design  for  high  field  2-in-l  accelerator 
magnets  has  been  previously  presented  as  a  “conductor- 
friendly”  option  for  high  field  magnets  applicable  for  a 
Very  Large  Hadron  Collider  [1,2].  This  paper  presents 
the  mechanical  design  for  a  14  tesla  2-in-l  dipole  based 
on  the  common  coil  design  approach.  The  magnet  will 
use  a  high  current  density  Nb3Sn  conductor.  The  design 
addresses  mechanical  issues  particular  to  the  common 
coil  geometry:  horizontal  support  against  coil  edges, 
vertical  preload  on  coil  faces,  end  loading  and  support, 
and  coil  stresses  and  strains.  The  magnet  is  the  second  in 
a  series  of  racetrack  coil  magnets  that  will  provide 
experimental  verification  of  the  common  coil  design 
approach. 

1  INTRODUCTION 

The  superconducting  magnet  program  at  Lawrence 
Berkeley  National  Laboratory  (LBNL)  is  focused  on 
development  of  high  field  accelerator  magnets  using 
brittle  superconductors.  The  current  designs  follow  a 
“common  coil”  approach  wherein  a  pair  of  racetrack 
coils  is  shared  between  two  apertures  to  produce 
opposing  fields  in  each  aperture  [1],  A  6  tesla  magnet 


Figure  1:  Basic  components  in  magnet  cross  section 
(only  one  quadrant  shown). 
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using  NbjSn  conductor  has  been  built  and  tested  as  a  first 
step  towards  the  ultimate  goal  of  attaining  15  T 
accelerator  quality  dipoles  [3,4],  This  paper  describes  the 
mechanical  design  of  a  second  magnet  in  the  common 
coil  series:  a  14  T  Nb,Sn  magnet  of  limited  field  quality 
(field  quality  will  be  addressed  in  the  next  magnet). 

A  preliminary  design  has  been  previously  described 
elsewhere  [2].  The  design  has  since  been  refined  to  allow 
a  modular  and  flexible  R&D  program  for  systematic 
testing  of  different  issues  related  to  high  field  magnets 
that  use  brittle  superconductor.  The  design  also  addresses 
several  mechanical  issues  particular  to  a  high  field 
common  coil  geometry:  horizontal  support  on  coil  edges, 
vertical  preload  on  coil  faces,  end  support,  and  coil 
stresses  and  strains.  Figure  1  shows  the  basic 
components  in  a  cross  section  of  the  magnet  straight 
section. 

2  MAGNETIC  DESIGN 

The  primary  purpose  of  this  magnet  is  to  demonstrate  the 
viability  of  high  field  dipoles  based  on  the  common  coil 
geometry  in  a  mechanical  structure  suitable  for  high 
field  accelerator  magnets.  As  such,  field  quality  issues 
will  not  be  addressed  in  this  magnet  but  will  be  fully 
addressed  in  subsequent  common  coil  magnets  [5].  Table 
1  lists  the  major  parameters  of  the  present  design. 


Table  1:  Major  parameters  of  the  present  design. 


Bore  diameter 

35  mm 

Main  coil  spacing  (aperture) 

40  mm 

Computed  quench  field  at  4.2  K 

14.3  T 

Peak  field,  inner  layer 

15.1  T 

Peak  field,  outer  layer 

10.3  T 

Quench  current 

12.3  kA 

Wire  Non-Cu  J,  {4.2  K,  12  T} 

2000  A/mm2 

Cu/Non-Cu  ratio,  inner  &  outer 

0.7,  1.7 

Strand  diameter 

0.8  mm 

Number  of  strands,  inner  &  outer 

40,26 

Cable  width,  inner  &  outer 

17.2,  11.3  mm 

Number  of  main  coil  layers 

1+3 

Straight  section  length,  inner&outer 

500,  600  mm 

Number  of  turns  (half  magnet) 

5+48+48+48 

Height  of  each  main  coil  layer 

80  mm 

Minimum  coil  bend  radius 

70  mm 

Bore  spacing 

220  mm 

Yoke  outer  height  and  width 

300  mm 

Total  wire  wind  thickness 

30  mm 

0-7803-5573-3/99/$  10.00@  1999  IEEE. 
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Figure  2:  Field  magnitude  contours  and  flux  lines  in  a 
quadrant  of  magnet  cold  mass  (wire  wind  not  shown). 

This  design  uses  a  total  of  six  main  coil  layers  and  two 
auxiliary  coil  layers  (Fig.  1).  Computed  short  sample 
(quench  field)  in  the  magnet  bore  is  14.3  tesla  at  4.2  K 
(this  field  value  uses  the  strand  short  sample  and  does 
not  include  any  cable  strain  degradation).  Figure  2  shows 
the  field  lines  and  field  magnitude  in  a  cross  section  of 
the  current  design. 

3  MECHANICAL  DESIGN 

The  mechanical  design  is  governed  by  the  need  to 
support  high  Lorentz  forces  and  manage  coil  stresses. 
The  integrated  horizontal  Lorentz  forces  total  18.9  MN 
for  the  magnet,  acting  to  push  the  windings  apart.  A  rigid 
support  structure  is  required  to  minimize  coil 
displacements  and  maintain  magnet  integrity.  Within  the 
coil  winding,  Lorentz  forces  compress  the  winding  and 
result  in  accumulated  stresses  approaching  150  MPa 
(principal  compressive  stress).  One  method  of  reducing 
coil  stresses  being  developed  in  a  high  field  magnet 
design  at  Texas  A&M  University  is  incorporation  of 
rigid  structural  elements  within  the  winding  [6,7].  For 
the  current  14  T  design,  no  stress  management  is 
considered.  The  high  coil  stresses  are  not  in  areas  of 
highest  field  and  a  previous  high  field  magnet  (D20) 
behaved  well  with  similar  levels  of  stress  [8,9].  In 
addition  to  structural  concerns,  thermal  conductance  is 
an  issue  because  adequate  heat  transfer  is  required  for 
magnet  thermal  stability. 

The  current  magnet  design  is  based  on  design  criteria 
for  a  flexible  R&D  program.  In  contrast  to  accelerator 
quality  production  magnets,  the  magnet  is  designed  to  be 
modular;  the  magnet  is  separated  into  three  types  of 
components  and  each  serves  a  dedicated  function.  The 
first  component  is  the  magnet  core  and  is  comprised  of 
coil  modules.  The  second  component  is  the  iron  yoke, 


which  serves  as  a  flux  return.  The  third  component  is  an 
external  wire  wrap  applied  around  the  yoke  to  provide 
preload  and  support.  Due  to  the  modular  nature  of  this 
design,  the  magnet  can  be  reassembled  with  different 
coil  modules  for  a  flexible  magnet  system  appropriate 
for  conducting  systematic  R&D  parametric  studies. 

3.1  Inner  and  Outer  Coil  Modules 

Vertical  preload  and  support  of  magnet  coil  windings  is 
provided  completely  by  the  coil  module  structure.  The 
magnet  core  has  three  modules:  one  inner  module 
sandwiched  between  two  outer  modules.  Each  outer 
module  contains  one  double  pancake  winding,  islands, 
end  shoes,  side  rails,  faceplates,  and  an  iron  insert.  The 
inner  module  contains  two  pancake  windings  (each 
pancake  has  48  turns  for  the  main  layer  and  5  turns  for 
the  auxiliary  layer),  islands,  end  shoes,  side  rails,  face 
plates,  bore  spacers,  and  iron  inserts. 

After  epoxy  impregnation  of  the  Nb3Sn  windings  the 
outer  coils  are  assembled  into  the  coil  module  structure. 
The  windings  are  preloaded  in  the  direction  normal  to 
the  cable  faces  and  the  module  faceplates  are  welded  to 
the  side  rails  to  maintain  preload.  For  the  outer  coil 
modules,  application  of  150  MPa  of  pressure  on  the 
cable  faces  yields  37  MPa  of  preload  after  the  faceplates 
are  welded  and  the  complete  structure  is  cooled  to  4  K 
(Fig.  3a,  3b).  This  preload  prevents  the  coil  inner  turn 
from  separating  from  the  island  when  the  magnet  is 
energized.  Magnet  training  is  expected  to  be  reduced  by 
preventing  energy  release  due  to  coil  movement.  Each 
outer  module  supports  450  kN  per  meter  of  straight 
section  length.  The  inner  module  is  preloaded  in  a 
similar  manner  to  the  outer  modules.  For  the  inner 
module  coil  windings,  40  MPa  of  vertical  preload  is 
required  to  prevent  coil  separation  at  the  islands.  The 
inner  module  supports  245  kN  per  meter  of  straight 
section  length. 

Magnet  ends  are  also  supported  within  each  coil 
module.  Preload  and  support  is  provided  through  the 
module  end  shoes  and  reacted  against  the  faceplates  and 
side  rails.  The  coil  has  a  higher  thermal  contraction  than 
iron  inserts  at  the  racetrack  centers  and  the  iron  inserts 
exert  an  axial  force  against  the  winding  ends  when  the 
magnet  is  cooled  to  4  K.  In  addition  to  this  internal 
preload  from  the  iron  inserts,  an  external  preload  is  also 
applied  against  the  end  shoes.  A  gap  is  designed  into  the 
iron  inserts  to  balance  the  internal  and  external  preload. 

3.2  External  Support  Structure 

The  external  support  structure  provides  all  of  the 
horizontal  preload  and  support  for  the  magnet.  The  coil 
modules  are  assembled  between  a  set  of  yokes  comprised 
of  two  rectangular  sections  and  two  half-elliptical 
sections  (Fig.  1).  Thirty  layers  of  1  mm  thick  stainless 
steel  wire  will  be  wound  on  a  bobbin  around  the  yoke 
perimeter  with  a  tension  of  220  MPa  to  preload  the 
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(a)  Vertical  Stress  (b)  Vertical  Stress  (c)  Vertical  Stress 
Room  Temp  4  K  Temp  Energized 


(d)  Horizontal  Stress  (e)  Horizontal  Stress  (f)  Horizontal  Stress 
Room  Temp  4  K  Temp  Energized 


Figure  3:  Vertical  and  horizontal  stresses  in  one  quadrant 
of  the  coil  module  straight  section  (yokes  not  shown). 

yokes  and  provide  rigid  support  for  horizontal  Lorentz 
forces.  After  the  last  wire  layer  is  applied,  tension  in  the 
innermost  wire  layer  decreases  to  125  MPa.  When  the 
magnet  is  cooled  to  4  K  the  wire  tension  increases  to  300 
MPa  in  the  first  layer  and  400  MPa  in  the  last  layer.  This 
wire  tension  preloads  the  iron  yokes  in  compression  to 
minimize  coil  horizontal  displacements  when  the  magnet 
is  energized.  The  total  horizontal  force  of  18.9  MN  is 
supported  by  the  preloaded  yokes  and  wire  winding. 

The  coil  modules  are  designed  to  stack  0.05  mm  wider 
than  the  rectangular  yoke  components.  During  the  wire 
winding  at  room  temperature,  the  coil  modules  are 
compressed  horizontally  to  a  maximum  stress  of  about 
30  MPa  (Fig.  3d).  When  cooled  down  to  cryogenic 
temperatures,  the  coil  modules  contract  more  than  the 
iron  yoke  components  and  the  horizontal  compressive 
stress  on  the  coils  decreases  to  less  than  10  MPa  (Fig. 
3e).  (Correspondingly,  the  horizontal  compression  on  the 
yokes  increases  as  the  magnet  is  cooled.)  With  less  than 
10  MPa  of  horizontal  preload,  the  coil  surfaces  on  either 
side  of  the  magnet  bores  separate  from  the  bore  spacer  at 
low  field  and  are  essentially  free  at  high  fields. 

When  the  magnet  is  energized,  the  stresses  within  the 
coil  windings  approach  150  MPa  in  both  the  horizontal 
and  vertical  directions  (Fig.  3c,  3f).  However,  the  region 
of  highest  coil  stress  is  not  near  the  region  of  highest 
field.  The  region  of  highest  horizontal  stress  coincides 
with  the  region  of  lowest  magnetic  field.  The  highest 


vertical  stress  exists  in  a  region  with  a  magnetic  field 
magnitude  of  9  T.  A  previous  epoxy  impregnated  Nb3Sn 
magnet  behaved  well  with  similar  coil  stress  levels  [8,9] 
and  we  do  not  expect  the  high  coil  stresses  to  be  a 
limiting  factor.  The  epoxy  impregnation  increases  the 
mean  stiffness  of  the  composite  coil  and  provides 
support  for  the  brittle  superconductor.  At  field  levels 
beyond  14  or  15  T  the  coil  strength  (epoxy  impregnated) 
may  become  a  critical  issue  and  stress  management  may 
be  necessary  to  prevent  significant  cable  degradation. 

4  CONCLUSIONS 

The  design  of  a  high  field  2-in-l  dipole  based  on  a 
common  coil  design  has  been  presented.  The  magnet  is 
designed  to  provide  a  modular  platform  for  flexible 
R&D  parametric  studies  of  high  field  magnets  using 
brittle  superconductor.  Coil  modules  may  be  replaced, 
added,  or  substituted  to  achieve  new  magnet 
configurations  and  improved  field  quality.  An  external 
wire  winding  structure  that  was  successfully  used  in  the 
past  provides  preload  and  supports  the  substantial 
horizontal  Lorentz  forces.  The  structure  is  also  easily 
scaled  for  higher  field  magnets.  Stresses  within  the  coil 
winding  when  the  magnet  is  energized  approach  critical 
levels;  however,  stress  management  has  not  yet  proven 
necessary  at  ~14  T  field  levels.  Lastly,  the  common  coil 
design  uses  flat  racetrack  coils  with  a  large  bend  radius 
in  the  ends,  enabling  the  future  introduction  of  coils 
made  with  high  temperature  superconductors  (HTS). 
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Abstract 


2  COMMON  COIL  MAGNET  SYSTEM 


This  paper  introduces  the  common  coil  magnet  system 
for  the  proposed  very  large  hadron  collider  (VLHC)  [1]. 
In  this  system,  the  high  energy  booster  (HEB),  the 
injector  to  VLHC,  is  integrated  as  the  iron  dominated 
low  field  aperture  within  the  coldmass  of  the  common 
coil  magnet  design  introduced  earlier  [2].  This  4-in-l 
magnet  concept  for  a  2-in-l  machine  should  provide  a 
major  cost  reduction  in  building  and  operating  VLHC. 
Moreover,  the  proposed  design  reduces  the  field  quality 
problems  associated  with  the  large  persistent  currents  in 
Nb3Sn  magnets.  The  paper  also  shows  that  the  geometric 
field  harmonics  can  be  made  small.  In  this  preliminary 
magnetic  design,  the  current  dependence  in  harmonics  is 
significant  but  not  unmanageable. 


Inject/fill  in  L.F.  aperture1 


[Transfer  in  H.F.  aperture’ 
(no  wait,  no  snap-hack) 


Conductor  dominated  aperture 
(good  field  quality  at  high  field) 


Iron  dominated  aperture 
(good  field  quality  at  low  field) 


-IMS  14  1M4  M4  *  HI4  t«*4  H 

($may  eliminate  the  need  for  an  HEB) 


|y~  PC-OPERA 


Figure  1 :  The  common  coil  magnet  system  concept. 


1  INTRODUCTION 

The  efforts  are  underway  to  prepare  a  proposal  for 
VLHC  to  be  built  after  the  completion  of  the  Large 
Hadron  Collider  (LHC)  at  CERN.  The  main  challenge  is 
to  develop  approaches  that  would  significantly  reduce 
the  cost  [3],  The  superconducting  magnets  [4]  are  the 
single  most  expensive  and  perhaps  technically  most 
challenging  component  of  the  high  field  option.  In 
addition  to  the  cosine  theta  designs  [5],  the  other  design 
approaches  can  be  broadly  divided  in  two  categories. 
The  low  field  design  based  on  the  low  cost  transmission 
line  iron  dominated  magnet  that  is  being  pursued  at 
FNAL  [6]  and  the  high  field  design  based  on  a  common 
coil  geometry  that  is  being  pursued  at  LBNL  [7,8]  and 
BNL  [9], 

The  common  coil  design  [2]  offers  the  possibility  of  a 
simple,  high  field,  low  cost  magnet  construction  based 
on  the  racetrack  coil  geometry.  This  design,  developed 
independently,  has  some  features  similar  to  the  design 
presented  earlier  by  Danby  [10].  The  block  coil 
geometry  is  also  favored  for  containing  the  large  Lorentz 
forces  generated  by  high  fields.  Moreover,  the  bend 
radius  in  the  ends  of  common  coil  magnets  is  large  as  it 
is  determined  by  the  spacing  between  the  two  apertures 
rather  than  the  size  of  aperture.  This  is  an  important 
consideration  in  high  field  magnets  that  must  use  brittle 
superconductors  (Nb3Sn  or  HTS)  and  may  also  use  the 
“React  and  Wind”  technology.  The  modular  nature  of 
the  design  also  offers  a  unique  facility  to  embark  on  a 
systematic  and  innovative  magnet  R&D. 
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The  proposed  common  coil  magnet  system  concept  is 
shown  in  Fig.  1.  This  has  a  total  of  four  apertures:  two 
iron  dominated  low  field  apertures  (upper  most  and 
lower  most)  and  two  conductor  dominated  high  field 
apertures  (in  the  middle).  The  windings  of  one  of  the  two 
pole  blocks  of  the  high  field  aperture  (the  one  that  is 
away  from  the  center  of  coldmass)  returns  in  the  low 
field  aperture  and  generates  a  part  of  the  field.  In  the 
high  field  aperture,  all  racetrack  coils  are  placed 
vertically  with  large  bend  radius  and  none  cross  the 
aperture  horizontally.  The  later  would  have  necessitated 
a  small  bend  radius  and  eliminated  various  possibilities 
that  exist  now.  The  outer  coil  of  the  low  field  aperture 
may  be  independently  powered  for  flexibility  and/or  de¬ 
linking  the  field  between  the  low  field  and  the  high  field 
aperture.  In  that  case,  the  current  in  the  outer  coil  of  the 
low  field  aperture  can  also  be  used  for  controlling  the 
saturation-induced  harmonics  in  the  high  field  aperture. 

3  INJECTION  AND  BEAM  TRANSFER 

The  beam  is  injected  in  the  iron  dominated  window 
frame  aperture  at  a  field  of  0.1  T  (or  perhaps  even  less  if 
acceptable  from  beam  dynamics  considerations).  Since 
the  field  quality  at  low  field  is  determined  by  iron,  the 
problem  associated  with  the  large  persistent  currents  in  a 
Nb3Sn  magnet  is  suppressed.  The  low  field  aperture  in 
fact  makes  the  high  energy  booster  (HEB)  based  on  the 
low  field  magnet  design.  Once  the  HEB  is  filled  by 
several  injection  cycles  of  the  machine  before  that  (the 
medium  energy  booster),  the  beam  is  accelerated  by 
ramping  the  magnets  to  1. 5-2.5  T.  The  field  in  the  high 
field  conductor  dominated  aperture  (whose  one  coil 
block  is  shared  with  the  low  field  aperture)  goes  up  at  a 
different  rate  particularly  at  fields  over  2  T. 
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The  entire  beam  is  transferred  in  a  single  turn  from  the 
low  field  aperture  to  the  high  field  aperture  when  the 
field  in  the  two  apertures  is  identical  and  is  somewhere 
in  the  range  of  1. 5-2.5  T.  The  field  in  the  high  field 
aperture  continues  to  ramp  up  as  the  beam  is 
continuously  accelerated  and  the  problem  of  “snap  back” 
is  avoided.  The  term  “snap  back”  refers  to  the  sudden 
change  in  field  harmonics  at  the  beginning  of  a 
conventional  acceleration  cycle  when  the  field  starts  to 
rise  from  a  steady  state  value  of  beam  injection/fill.  In 
addition  to  the  large  persistent  current  induced 
harmonics,  the  “snap  back”  could  be  a  major  problem  in 
a  VLHC  based  on  conventional  Nb3Sn  magnets.  This  is 
because  of  the  fact  that  (a)  at  present,  the  persistent 
current  induced  harmonics  in  Nb3Sn  magnets  based  on 
cosine  theta  designs  are  an  order  of  magnitude  more  than 
that  in  Nb-Ti  magnets  and  (b)  the  VLHC  will  be  an  order 
of  magnitude  bigger  machine  than  any  hadron  collider 
built  so  far.  It  may  be  explicitly  mentioned  that  the  beam 
in  the  conductor  dominated  aperture  is  not  injected  here 
in  the  conventional  multi-turn  injection;  it  is  transferred 
on  the  fly  in  a  single  turn  while  the  magnets  are  ramping 
up.  This  means  that  the  beam  does  not  stay  at  a  lower 
field  for  a  long  time.  Moreover,  the  minimum  field  for 
the  beam  in  the  conductor  dominated  aperture  is  1. 5-2.5 
tesla  rather  than  conventional  0.3-0.7  T.  Since  the  size  of 
the  aperture  is  primarily  determined  by  the  injection 
conditions,  the  above  two  reasons  should  help  reduce  the 
high  field  aperture. 

4  MAGNETIC  DESIGN 

The  viability  of  the  common  coil  design  has  been 
demonstrated  in  a  Nb3Sn  6  T  magnet  that  was  tested 
recently  at  LBNL  and  reached  the  cable  short  sample 
field  without  any  training  quenches  [7],  The  mechanical 
design  work  is  now  underway  to  develop  a  structure  for  a 
14-15  T  dipole  [8].  Following  the  program  outlined 
earlier  [11],  the  next  steps  for  developing  an  accelerator 
quality  magnet  are  (a)  first  demonstrate  through 
computer  codes  that  a  dipole  based  on  the  common  coil 
design  can  produce  the  required  field  shape  and  (b)  then 
measure  and  verify  that  the  required  field  quality  is 
obtained  in  a  magnet  of  this  design. 

This  paper  presents  an  initial  magnetic  design 
developed  with  a  goal  of  optimizing  the  field  quality 
while  minimizing  the  amount  of  conductor  and  the  size 
of  the  coldmass.  The  preliminary  design  presented  here 
is  based  on  the  similar  cable  that  is  used  in  the  14-15  T 
magnet  now  under  engineering  development  [8].  The 
major  parameters  of  this  field  quality  design  are  given  in 
Table  1.  There  are  three  full  layers  that  go  from 
midplane  to  pole  with  each  containing  24  turns  on  the 
average  and  one  partial  layer  that  is  at  the  pole  (see  Fig. 
1)  containing  8  turns  only.  A  preliminary  analysis  shows 
that  the  amount  of  conductor  required  in  this  design  is 
comparable  to  that  in  a  similar  field  cosine  theta  design. 


At  low  currents,  the  magnitude  of  the  field  in  the  low 
field  and  high  field  apertures  is  about  the  same. 
However,  as  the  current  is  increased,  the  field  in  the  high 
field  aperture  reaches  the  computed  quench  field  of 
-14.8  T  (at  4  K,  assuming  no  degradation  in  cable),  the 
field  in  the  low  field  aperture  remains  under  4.6  T  due  to 
iron  saturation.  This  paper  does  not  address  the  iron 
saturation  and  other  field  quality  issues  in  the  low  field 
aperture.  They  will  be  addressed  in  the  subsequent 
papers.  The  low  field  aperture  can  also  be  a  combined 
function  magnet. 

In  the  high  field  aperture,  the  field  harmonics  at  low  to 
medium  field  (geometric  harmonics)  are  optimized  by 
using  the  following  parameters:  (a)  spacers  within  the 
coil,  (b)  block  heights  of  various  layers,  (c)  slant  angle  of 
the  pole  blocks  while  keeping  the  inner  and  outer 
surfaces  parallel  (vertical)  to  other  coils.  In  this  hand 
optimized  design,  the  harmonics  are  reduced  to  less  than 
0.2  unit  (see  Table  2).  The  skew  (an)  and  normal  (bD) 
components  of  field  harmonics  are  defined  (in  units)  as: 

«=0 

where  Bx  and  By  are  the  components  of  the  field  at  (jt,y) 
and  B0  is  the  magnitude  of  the  field  at  a  reference  radius 
R  which  is  10  mm  here. 


Table  1 :  Major  parameters  of  the  design. 


Coil  aperture 

40  mm 

Number  of  layers 

3  +  1 

Computed  quench  field  at  4.2  K 

14.8  T 

Peak  Fields,  inner  &  outer  layers 

15.0  T&  10.5  T 

Quench  current 

12.1  kA 

Wire  Non-Cu  (4.2  K ,  12  T) 

2000  A/mm2 

Strand  diameter 

0.8  mm 

No.  of  strands,  inner  &  outer  layers 

40, 26 

Cable  width,  inner  &  outer  layer  (insulated) 

16.9  mm,  1 1.1  mm 

Cu/Non-Cu  ratio,  inner  &  outer 

0.7,  1.7 

No.  of  turns  per  quadrant  per  aperture 

80 

Max.  height  of  each  layer  from  midplane 

40  mm 

Bore  spacing 

220  mm 

Minimum  coil  bend  radius  (in  ends) 

70  mm 

Yoke  size  (full  width  X  frill  height) 

280  mm  X  600  mm 

The  computed  field  harmonics  in  the  high  field 
aperture  remain  practically  constant  till  about  2  T  (see 
Fig.  2).  The  odd  normal  and  even  skew  harmonics  are 
not  allowed  by  the  symmetry.  Odd  skew  harmonics  are 
the  manifestation  of  the  inherent  up-down  symmetry  in 
an  over-under  design.  The  variation  in  harmonics  (due  to 
iron  saturation)  in  this  preliminary  design  is  significant 


I  x  +  iy 
~R~ 
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but  manageable.  The  harmonics  higher  than  decapole 
(n=4),  show  a  variation  of  less  than  0.1  unit.  The 
variation  in  octupole  and  decapole  is  under  0.4  unit  and 
in  skew  quadrupole  is  about  1  unit. 

Table  2:  Optimized  harmonics  at  1.8  T  in  an  initial 
magnetic  design  of  a  common  coil  dipole  at  10  mm. 


N 

SKEW(an) 

NORMAL(bn) 

1 

-0.01 

-- 

2 

- 

0.00 

3 

0.01 

- 

4 

- 

0.04 

5 

0.02 

-- 

6 

-- 

0.05 

7 

0.01 

- 

8 

- 

-0.17 

9 

0.00 

-- 

10 

- 

-0.03 

11 

0.00 

- 

12 

- 

0.00 

Figure  2:  Current  dependence  of  the  field  harmonics  and 
Transfer  Function  (TF)  as  a  function  of  the  bore  field  in 
the  high  field  aperture  (preliminary  design). 


The  maximum  computed  saturation  is  in  normal 
sextupole  harmonic  (b2).  It  is  still,  however,  under  6  units 
till  15  T.  This  value  is  comparable  to  that  in  a 
conventional  cosine  theta  design  for  a  12  T  dipole  [12], 
It  may  be  pointed  out  that  the  magnetic  design  of  the 
common  coil  magnet  is  in  early  stages  with  the  required 
tools  (codes)  still  under  development.  The  situation  is 
expected  to  improve,  as  the  computer  codes  get 
developed  and  the  design  matures.  The  computer  code 
ROX3E  [13]  will  be  used  to  further  optimize  the  2-d  coil 
geometry.  ROXIE  will  also  be  used  to  design  the  ends  of 
this  magnet  which  do  not  have  an  up-down  symmetry. 
The  integrated  up-down  asymmetry,  as  seen  by  the  beam 
along  the  axis,  will  be  minimized.  Conceptually,  the  up- 
down  asymmetry  in  the  magnet  ends  may  be 
compensated  by  (a)  an  asymmetry  in  the  axial  length  of 
conductor  blocks  relative  to  the  midplane  and  (b)  an 
asymmetry  in  the  straight  section  (body)  of  the  magnet. 


5  DISCUSSION  AND  CONCLUSIONS 

The  common  coil  magnet  system  presented  here  has  the 
potential  of  significantly  reducing  the  cost  of  VLHC 
while  improving  the  technical  performance.  The  need  for 
an  HEB  is  eliminated,  reducing  the  cost  of  building  and 
operating  a  major  sub-system.  The  design  also  mitigates 
the  problem  associated  with  the  large  persistent  currents 
in  conventional  Nb3Sn  magnets.  The  conductor 
dominated  high  field  aperture  may  be  made  smaller  as 
the  injection  conditions  (beam  transfer,  in  this  case)  are 
significantly  changed  and  the  minimum  field  increased. 

Strategies  and  tools  are  being  developed  for 
optimizing  the  field  quality  while  minimizing  the 
conductor  and  the  size  of  coldmass  in  a  common  coil 
dipole.  In  the  preliminary  design  presented  here,  the 
field  harmonics  are  minimized  using  the  first  principles. 
As  compared  to  this  four  aperture,  14.8  T  common  coil 
dipole,  the  single  aperture,  13.5  T,  D20  dipole  [14]  was 
2.4  times  bigger  and  the  dual  aperture  -9  T,  2-in-l,  LHC 
dipole  [15]  is  1 .4  times  bigger.  The  common  coil  design 
should  reduce  the  magnet  cost  due  to  its  simplicity  in 
construction  and  compactness  in  size. 
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Abstract 

As  a  part  of  the  Fermilab  high  field  Nb3Sn  dipole 
development  program,  various  issues  of  magnet 
technology  are  being  investigated.  In  cable  insulation 
development,  S-2  fiber  glass  sleeve  and  a  new  ceramic 
insulation  developed  by  Composite  Technology 
Development  Inc.  (CTD)  were  studied  as  a  possible 
candidates.  For  each  type  of  insulation,  Nb3Sn  ten-stack 
samples  were  reacted  and  then  vacuum  impregnated  with 
epoxy.  Measurements  of  modulus  of  elasticity  and 
Poisson’s  ratio  under  compression  were  made  at  room 
temperature  and  at  4.2  K.  For  comparison,  an  epoxy 
impregnated  NbTi  composite  was  also  tested. 

1  INTRODUCTION 

Fermilab,  in  collaboration  with  LBNL  and  KEK,  is 
developing  a  high  field  Nb,Sn  dipole  for  use  in  the  next 
generation  Hadron  Collider.  The  conceptual  design  for  the 
first  magnet,  detailed  in  [1],  is  based  on  a  2-layer  cos9 
coil  structure  and  cold  iron  yoke.  As  a  part  of  this 
program,  various  issues  of  the  magnet  technology  such  as 
cable  insulation,  heat-treatment,  epoxy  impregnation  and 
thermo-mechanical  properties  of  the  composite  are  being 
investigated.  Due  to  limited  space,  this  paper  presents 
results  only  in  the  azimuthal  direction.  Readers  are 
referred  to  [2]  for  more  results. 

2  SAMPLE  PREPARATION 

2.1  Cable  Parameters 

A  summary  of  Nb3Sn  and  NbTi  cable  parameters  used  in 
the  present  study  are  given  on  Table  1.  The  variation  of 
Nb3Sn  cable  mid-thickness  with  pressure  before  and  after 
reaction  is  shown  in  Fig.  1.  The  cable  mid-thickness 
increases  with  reaction  and  decreases  with  pressure  [3], 
On  the  other  hand,  the  cable  length  contracted  by  about 
4.5  pm/mm  and  the  cable  width  increased  from  14.232 
mm  to  14.669  mm  due  to  reaction.  Note  that  these 
measurements  are  taken  at  zero  pressure. 

2.2  Cable  Insulation 

The  most  common  insulation  material  used  for  Nb3Sn 
cables  is  S-2  fiber  glass  either  in  tape  form  or  sleeve  [4,5], 


In  the  present  work,  we  investigated  S-2  fiber  glass  sleeve 
and  a  new  ceramic  insulation. 


Table  1:  Cable  Parameters 


Nb,Sn 

NbTi 

Number  of  Strands 

28 

38 

Strand  diameter 

1.012  mm 

0.808  mm 

Cable  Thickness 

1.7852  mm 

1.4573  mm 

Cable  Width 

14.232  mm 

15.3943  mm 

Keystone  angle 

0.91  deg. 

1.038  deg. 

Pressure,  MPa 

Figure  1:  Variation  of  cable  thickness  with  pressure. 

The  organic  binder  used  on  the  S-2  fiber  glass  sleeve 
which  provides  protection/lubrication  for  the  glass  strands 
during  processing  left  a  carbon  residue  during  reaction 
under  argon  atmosphere.  This  could  create  turn  to  turn 
shorts  in  the  coil.  So  the  sleeve  was  first  heat-treated  at 
450  °C  in  air  to  remove  the  binder  and  a  different  binder 
was  applied  that  would  not  leave  much  carbon  residue 
during  reaction  [5,6]. 

Ceramic  tape  on  the  other  hand  does  not  have  any  organic 
sizing.  The  binder  (CTD-1002x)  which  is  applied  to  the 
tape  is  also  inorganic  and  can  be  used  to  preform  the  coils 
in  shape  before  reaction  by  curing  at  120°C  for  30  min. 
Hence  with  the  binder  we  can  have  a  insulated  and  cured 
coil  before  reaction  which  helps  to  define  the  coil  shape. 
This  also  makes  the  coils  easier  to  handle.  After  reaction 
the  ten-stack  samples  remain  bonded  together,  however 
the  binder  became  porous  and  formed  crystals  due  to 
shrinkage.  This  is  useful  as  it  allows  the  epoxy  to 
penetrate  during  impregnation. 
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2.3  Epoxy  Impregnation 

Insulated  ten-stack  samples  were  first  reacted  and  then 
vacuum  impregnated  with  CTD-101K.  Note  that  the 
samples  were  compressed  with  a  pusher  block  during 
impregnation  and  the  effect  of  this  impregnation  pressure 
on  the  mechanical  behavior  was  also  investigated.  Fig.  2 
shows  an  epoxy  impregnated  composite  with  direction 
convention  used  in  this  paper. 


Figure  2:  Epoxy  impregnated  composite. 

3  MECHANICAL  PROPERTIES 

Strain  gauges  were  mounted  to  measure  strains  both  in  the 
direction  of  load  and  transverse  to  the  direction  of  the 
load.  A  calibrated  load  cell  was  used  to  record  the  force 
applied  on  the  sample.  Both  monotonic  and  load-unload- 
reload  tests  were  performed  at  300  K  and  at  4.2  K  and  the 
test  results  are  discussed  below. 


Figure  3:  Mechanical  behavior  at  room  temperature. 
(*Nb3Sn  stack  with  ceramic  insulation  cured  and  reacted; 
but  not  impregnated ). 


3.1  Azimuthal  Direction:  Monotonic  Loading 

Fig.  3  shows  the  test  results  at  room  temperature.  Note 
that  the  Nb3Sn  composite  exhibits  non-linear  behavior  in 
contrast  to  the  linear  behavior  observed  for  NbTi 
composite.  This  behavior  of  Nb3Sn  composite  was  first 
thought  to  be  due  to  low  impregnation  pressure  (10  MPa) 
compared  to  NbTi  composite  (45  MPa).  To  test  this 
hypothesis,  another  Nb3Sn  composite  was  fabricated  at 


higher  impregnation  pressure  (45  MPa)  and  tested.  The 
results  shown  in  Fig.  4  show  that  the  mechanical  response 
in  azimuthal  direction  does  not  depend  on  impregnation 
pressure. 


Figure  4:  Effect  of  impregnation  pressure. 


The  effect  of  temperature  on  the  mechanical  response  of 
Nb3Sn  composite  is  shown  in  Fig.  5.  There  is  significant 
increase  in  the  modulus  for  Nb3Sn  composite  with  S-2 
glass.  However  with  ceramic  insulation,  the  modulus  did 
not  change  with  temperature  except  that  the  composite 
behavior  is  more  linear  at  4.2K  than  at  300K.  This 
behavior  was  very  repeatable  and  even  the  load-unload- 
reload  tests  (see  next  section)  show  this  behavior. 


0  0.002  0.004  0.006  0.008  0.01 

Strain 

Figure  5:  Effect  of  temperature. 

3.2  Azimuthal  Direction:  Load-Unload-Reload 

The  coils  in  a  magnet  are  subjected  to  loading,  unloading 
and  reloading  repeatedly  during  assembly,  cool-down  and 
excitation.  Hence  it  is  very  important  to  understand  the 
mechanical  behavior  of  the  composite  under  these  loading 
conditions.  Fig.  6  shows  load-unload-reload  test  results 
for  Nb3Sn  composite  with  ceramic  insulation  both  at  300K 
and  at  4.2K.  The  following  observations  can  be  inferred 
from  these  results  (i)  the  overall  behavior  of  the 
composite  under  loading  is  similar  to  that  under 
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monotonic  loading,  (ii)  there  is  no  apparent  change  in 
modulus  by  decreasing  temperature.  Fig.  7  shows  the 
behavior  of  the  Nb3Sn  composite  under  cyclic  loading 
after  initial  "massaging"  to  100  MPa.  The  results  show 
that  we  could  massage  the  coils  up  to  a  peak  stress  before 
assembly,  which  would  then  result  in  a  composite  with 
higher  modulus  and  a  linear  mechanical  behavior.  This 
massaging  also  results  in  a  plastic  deformation  of  0.3%  in 
the  composite  which  should  be  taken  into  account  while 
designing  the  magnet  cros-section. 


-0.003  -0.001  0.001  0.003  0.005 

Strain 

Figure  7:  Cyclic  loading  tests  up  to  a  certain  stress. 

Fig.  7  also  shows  the  Poisson’s  ratio  measurements  for  the 
load-unload-reload  tests.  Note  that  the  Poisson’s  ratio  in 
the  axial  direction  is  higher  than  in  radial  direction.  Also 
it  remained  constant  in  the  axial  direction  from  the  first 
cycle  to  the  second  cycle  at  0.14,  however  in  the  radial 
direction  it  decreased  from  0.45  to  0.33. 

Similar  load-unload-reload  experiments  were  conducted 
for  the  NbjSn  composite  with  S-2  glass  insulation.  The 
mechanical  behavior  was  found  to  be  similar  to  that  with 
ceramic  insulation. 


4  SUMMARY 

Table  2  summarizes  the  mechanical  properties  under 
monotonic  loading  for  different  composites  tested.  At 
room  temperature,  the  behavior  is  nonlinear  and  hence 
two  moduli  are  specified,  one  at  low  pressures  and  the 
other  at  higher  pressures.  Included  in  the  table  also  are  the 
data  reported  by  LBNL[5,7]  and  University  of  Twente 
[4],  The  moduli  of  the  composite  tested  here  are  much 
lower  than  that  reported  by  LBNL  and  higher  than  that 
measured  at  [4].  These  differences  in  the  data  quoted  here 
and  else  where  in  the  literature  are  not  understood  yet. 
Table  3  provides  the  data  for  Nb3Sn  composite  after 
massaging  to  100  MPa.  The  idea  for  the  first  short  model 
dipole  to  be  built  at  Fermilab,  is  to  massage  the  coils  to 
about  lOOMPa  before  assembly  which  would  then 
increase  the  modulus  to  38  GPa  both  at  300K  and  at  4.2K 
with  linear  mechanical  behavior. 


Table  2:  Data  under  monotonic  loading. 


Composite 

E,  GPa 

Poisson’s 

300K 

4.2K 

Ratio 

Nb3Sn  +  S-2 

17.5 

26.0 

v21  =  0.16 

6.5 

14.0 

v„  =  0.46 

Nb3Sn  +  ceramic 

27.0 

22.0 

v2i  =  0.14 

10.0 

14.0 

v,,  =  0.45 

NbTi  +  S-2 

20.0 

32.0 

V,,  =  0.29 

Nb,Sn  +  S-2  [5] 

35.0 

Nb,Sn  +  S-2  [7] 

44.0 

Nb,Sn  +  S-2  [4] 

2  to  5 

Table  3:  Mechanical  properties  of  the  Nb3Sn  composite 
_ after  massaging  to  100  MPa. _ 


Composite 

E.  GPa 

Poisson’s  Ratio 

300  K 

4.2K 

Nb,Sn  +  S-2 

39.0 

40.0 

v„=  0.15;  v„=  0.34 

Nb,Sn+  ceramic 

38.0 

38.0 

v„=  0.14;  v7,=  0.33 
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Abstract 

This  paper  illustrates  the  use  of  a  simple  interactive 
magnetic  field  calculator  (IMC)  program  to  estimate  field 
strength  and  allowed  harmonics  for  cosine  theta  dipole  or 
quadrupole  magnets.  Niobium-tin  coil  designs  from 
Saclay  and  the  University  of  Twente  are  used  as 
examples,  and  the  IMC  results  are  compared  with  the 
values  from  the  magnet  designers. 

1  MAGNETIC  FIELD  CALCULATOR 

One  of  the  features  included  in  a  CD-ROM  tutorial  on 
superconducting  accelerator  magnets  [1]  is  an  interactive 
procedure  for  calculating  magnetic  field  strength  and 
allowed  field  harmonics  in  single  layer  cosine  theta  dipole 
or  quadrupole  magnets.  This  procedure  uses  a  simplified 
geometry  for  the  coil,  which  can  contain  a  single  wedge 
and  an  optional  iron  yoke.  The  yoke  is  defined  by  its 
inner  radius  and  is  assumed  to  be  iron  with  infinite  fi. 

However,  this  interactive  magnetic  field  calculator 
(IMC)  can  be  applied  to  more  complicated  magnet 
structures,  consisting  of  multiple  layers  with  several 
wedges,  by  use  of  superposition,  i.e.,  decomposing  the 
structure  into  several  simple  ones  and  adding  the  results. 
Using  this  technique,  the  results  from  the  EMC  are  in  good 
agreement  with  precise  calculations  for  the  central  field, 
the  peak  field,  and  the  x  and  y  components  of  the  Lorentz 
force.  The  allowed  multipoles  are  in  good  agreement  only 
when  the  conductor  blocks  and  wedges  are  radially 
disposed  (i.e.  without  any  tilt).  The  details  of  using  the 
interactive  magnetic  field  calculator  (EMC)  have  been 
previously  described  [2].  Input  values  define  the  coil 
geometry  and  the  total  current  flow.  Output  includes  the 
field  strength  and  normalized  multipole  coefficients,  a 
color-coded  graph  of  the  field  strength  in  the  conductor 
region,  and  the  Lorentz  forces  on  the  coil. 

The  calculation  procedure  uses  an  ideal  approximation 
of  the  coil  geometry  in  which  the  conductor  block  and 
wedge  edges  are  assumed  to  be  radial.  The  input  data 
consists  of  the  inner  and  outer  radius  of  the  coil  (R1  and 
R2),  the  start  and  stop  angles  of  the  coil  (A1  and  A2),  the 
inner  radius  of  the  optional  yoke  (Ryoke),  the  start  and 
stop  angles  of  the  optional  wedge  (A3  and  A4),  the 
average  current  density  in  the  conductor  area  (J),  and  the 
radius  and  angle  at  which  field  values  are  calculated  (Rref 
and  Aref).  The  data  are  entered  into  a  graphical  user 
interface  which  then  displays  the  defined  cross  section. 

♦Work  supported  in  part  by  U.S.  Dept,  of  Energy  SBIR  grant  #  DE- 

FG03-94ER-8 1813 
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2  SACLAY  QUADRUPOLE  EXAMPLE 

Saclay  developed  a  protoype  design  for  a  quadrupole 
magnet  with  the  LHC  quadrupole  dimensions  but  using  a 
NbjSn  conductor.  This  magnet  coil  has  two  layers  with 
tilted  current  blocks  [3];  the  inner  and  outer  layer  coil 
cross  sections  are  shown  in  Figure  1. 

In  order  to  use  the  IMC,  this  cross  section  is  idealized 
into  a  radially  disposed  configuration;  the  angles  for  the 
idealized  coil  were  selected  to  provide  an  average  fit  with 
the  tilted  coil  blocks.  The  parameters  for  the  LHC 
quadrupole  magnet  and  those  used  for  the  idealized  coils 
are  summarized  in  Table  1.  The  average  current  density 
for  the  idealized  coils  was  obtained  by  dividing  the 
product  of  the  number  of  turns  (10  for  the  inner  and  14  for 
the  outer  coil)  and  the  operating  current  (11870  A)  by  the 
area  of  the  idealized  current  blocks. 


Figure  1.  LHC  quadrupole  coil  geometry.  (Outer  coil 
parameters  are  indicated  by  *) 


Table  1 .  Parameters  for  LHC  quad  (actaal  and  idealized  coils) 


Parameter 

Inner  coil 

Outer  coil 

Idealized 
inner  coil 

Idealized 
outer  coil 

A1 

0° 

0° 

0° 

0° 

A2 

31.1° 

36° 

30.4° 

H,  mm 

2.53 

6.65 

0 

0 

A3 

Tilted 

wedge 

Tilted 

wedge 

23.4° 

14.6° 

A4 

29.7° 

17° 

R1,  mm 

28.00 

43.88 

28 

43.88 

R2,  mm 

43.15 

59.00 

43.15 

59 

Ryoksi  mm 

90,  u=<» 

90,  n=oo 

Rref  mm 

10 

10 

Ar* 

0° 

0° 

410  |  410 

425  |  437 
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The  fields  produced  by  the  inner  and  outer  coils  are 
calculated  separately  and  then  the  harmonic  contributions 
are  summed  to  give  the  total  harmonic  for  the  magnet. 
Table  2  shows  these  results  and  the  values  from  Saclay 
calculations  [4]  using  an  iron  yoke  with  p=°°.  (Note  that 
the  negative  sign  for  the  field  components  is  an  arbitrary 
sign  convention.)  Since  the  current  blocks  have  been 
made  radial,  the  allowed  multipoles  appear  higher  that 
those  obtained  by  calculations  that  consider  the  tilt  of  the 
current  blocks. 


Table  2.  Results  for  LHC  quad  field  calculation. 


Inner  coil 

Outer  coil 

Total 

Sadav  value 

B1.T 

-1.231 

-0.9149 

-2.15 

2.23 

B5/B1  x  10" 

-6.50 

3.67 

-2.83 

0.47 

B9/B1  x  104 

-2.30 

2.71 

0.41 

0.05 

Gradient,  T/m 

-215 

223 

Fx  (octant ),  kN/m* 

496 

540 

Fy  (octant),  kN/m* 

780 

730 

*  For  multilayer  examples,  forces  can  be  approximated,  but  not  rigorously 
computed,  by  superposition.  In  this  case  the  force  on  each  coil  is  calculated 
individually  at  the  field  produced  by  the  single  layer.  Then  this  force  is  scaled 
linearly  for  each  layer  by  the  ratio  of  the  total  field  produced  by  both  coils  to  the 
field  produced  by  the  individual  coil.  The  forces  for  the  two  layers  are  then  summed 
to  give  the  total  force. 

The  operating  margin  can  be  computed  from  the  ratio  of 
the  current  density  in  the  superconductor  to  its  critical 
current  density  at  operating  temperature  and  the  maximum 
field  on  the  conductor,  Bmax. 

The  IMC  output  includes  color-coded  graphs  of  the  field 
strength  in  the  conductor  region.  (These  neglect  the  field 
enhancement  in  the  coil  ends.)  These  show  that  the 
maximum  field  on  the  conductor  occurs  at  the  pole  turn  of 
the  inner  coil  at  its  inner  radius.  However,  for  a  multilayer 
coil,  Bmax  must  be  computed  from  the  contributions  of  all 
coil  layers.  Figure  2  shows  the  computation  of  the  x  and  y 
field  components  due  to  the  outer  coil  at  the  inner  coil 
location;  note  that  the  input  screen  has  Rref  =  28  and  Aref 
=  36°.  The  x  and  y  field  components  due  to  the  inner  coil 
must  also  be  computed  at  this  same  reference  point.  For 
the  inner  coil,  Bx=-1.954  and  By=-2.822;  for  the  outer 


coil,  Bx=-1.529  and  By=-2.058.  The  magnitude  of  Bmax 
is  thus  5.995. 

The  cable  and  operating  parameters  are  shown  in  Table 
3.  C0  is  the  coefficient  used  in  the  Summer’s  formula  [5] 
for  computing  the  critical  surface  of  Nb3Sn.;  the  value  of 
C0  listed  is  that  set  by  the  VAMAS  (Versailles  Agreement 
Meeting  on  Applied  Science)  and  is  used  in  the  magnet 
tutorial  to  compute  Jc  for  Nb3Sn.  For  comparison,  the 
Saclay  calculation  indicated  an  operating  margin  of  19.7% 
with  a  peak  field  on  the  conductor  of  6.85  T. 


Table  3.  LHC  quad  operating  margin  calculation 


Nb3Sn  Strand  diameter 

0.78  mm 

Cu/non-Cu 

1.7 

Strands/cable 

36 

Operatinq  current 

11870  A 

Operatinq  temperature 

1.9  K 

Co 

12,000  AT^/mm* 

Area  of  cable  conductor 

17.20  mm* 

SC  area  in  cable 

6.37  mm' 

Current  density  in  conductor 

1863.09  A  Tim? 

Peak  field  on  conductor,  Bma» 

6.00  T 

Jc  @  Bmax  and  Tod 

2796  N  mm* 

Marqin 

33.37% 

*  Jc  @Bmax  and  Top  is  obtained  from  the  Material  Properties  Library  in  the 
Superconducting  Magnet  Tutorial.  This  interactive  procedure  computes  the  critical 
current  density  as  a  function  of  applied  field  and  temperature  using  the  Summer’s 
formula. 

3  U.  TWENTE  DIPOLE  EXAMPLE 

A  two-layer  dipole  design  developed  by  the  University  of 
Twente  [6],  and  designated  MSUT,  was  proposed  as  an 
LHC  dipole  prototype.  This  magnet  used  powder-in-tube 
Nb3Sn  conductor.  The  cross  section  of  the  coils  is  shown 
in  Figure  3.  In  this  case  there  are  two  wedges  in  the  inner 
coil  and  both  coils  have  tilted  current  blocks. 
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To  use  the  interactive  magnetic  field  calculator  (IMC), 
the  inner  coil  needs  to  be  broken  into  two  separate  coils  in 
order  to  conform  to  the  single  wedge  limitation.  Thus, 
three  separate  calculations  need  to  be  performed  and 
summed  in  order  to  compute  the  total  field  in  this  magnet. 

The  values  of  the  IMC  input  parameters  for  the  three 
idealized  coil  sections  with  radial  current  blocks  are  listed 
in  Table  4;  the  angles  were  determined  by  visual 
adjustment  to  achieve  an  average  position  of  the  radial 
line.  The  current  density  in  each  coil  section  was 
computed  using  the  same  method  as  that  described  for  the 
LHC  quadrupole  example. 

Table  4.  Input  parameters  for  MSUT  magnet  model  using  three 
coil  sections. 


Parameter 

Inner  coil-1 

Inner  coil-2 

Outer  coil 

A1 

0° 

21.95° 

0° 

A2 

18.8° 

74.56° 

58.01° 

A3 

52.32° 

42.07° 

A4 

56.68° 

48.11° 

R1,  mm 

24.95 

24.95 

47.16 

R2,  mm 

46.75 

46.75 

64.56 

Ryoke,  mm 

105 

105 

105 

Rret,  mm 

12.5 

12.5 

12.5 

Aref 

0° 

0° 

0° 

Operatinq  current,  A 

19100 

J,  A/mm^ 

297.93 

294.24 

519.95 

The  IMC  results  for  the  field  and  Lorentz  forces  and  a 
comparison  with  those  obtained  from  U.  Twente  are 
shown  in  Table  5  for  the  case  of  iron  with  infinite  or  high 
p;  the  BO  results  of  the  calculation  for  the  case  of  no  iron 
are  shown  also.  These  IMC  calculations  show  reasonably 
good  agreement  with  the  U.  Twente  results,  except  for  the 
sextupole;  as  usual,  the  sextupole  from  the  IMC  is  much 
higher  than  values  calculated  from  the  actual  design  with 
tilted  current  blocks.  The  actual  field  attained  in  this 
magnet  should  be  lower  that  the  values  shown  because  of 
iron  saturation  effects;  during  tests,  this  magnet  attained  a 
field  of  11.3  Tat  19.1  kA. 


Table  5.  MSUT  Magnet  Calculation  for  Iron  without  saturation. 


Total 

U.  Twente 
g=999 

Outer 

B0,  T 

-7.147 

WMSEESi 

12.230 

B2,T 

EES 

iHsm] 

-0.0414 

0.08277 

B4,T 

EE3H 

kebi 

-0.003466 

n/a 

Fx  /quadrant, 
kN/m* 

299 

1110 

2480 

3890 

3650 

Fy  /quadrant, 
kN/m* 

-479 

-253 

-1420 

-2160 

-1770 

MSUT  Magnet  Calculation  without  Iron. 


1 

Interactive  calculation  u=1 

!  Total 

U.  Twente 

B0,  T 

|-1.89E+00|  -2.80E+00|  -5.60E+00I 

-10.29 

10.13 

The  maximum  field  on  the  conductor  (Bmax)  occurs  at 
the  inner  radius  of  the  pole  turn  of  the  inner  coil 
(neglecting  the  field  enhancement  in  the  coil  ends).  The 
IMC  can  be  used  to  compute  the  field  components  at  that 


location  due  to  each  of  the  three  coil  segments,  and  the 
results  summed.  For  the  case  of  p=<*>,  Bx  =  0.122 
(=-0.197+0.438  -0.119)  and  By  =  -12.584  (=  -1.338  - 
4.258  -6.988);  thus  Bmax  =  12.585.  Since  iron  saturation 
takes  place  in  this  magnet,  the  peak  field  on  the  conductor 
is  not  as  high  as  this.  We  cannot  compute  a  reasonable 
estimate  of  the  operating  margin  for  this  magnet  without  a 
precise  value  of  Bmax.  Also,  the  powder-in-tube 
conductor  for  this  magnet  has  a  higher  Jc  than  that 
represented  by  the  Summer’s  formula  with  C0=  12,000. 

4  CONCLUSION 

We  have  illustrated  how  the  interactive  magnetic  field 
calculator  (IMC)  which  is  included  in  the 
Superconducting  Accelerator  Magnets  CD-ROM  tutorial 
can  be  used  to  estimate  the  magnetic  fields  and  Lorentz 
forces  in  multiple  layer  magnets  with  more  than  two 
wedges  per  coil. 

Two  examples  of  magnets  with  Nb3Sn  conductor  were 
considered.  In  both  cases,  the  central  field  values 
calculated  by  the  IMC  were  in  close  agreement  with  the 
designers’  calculation  results.  However,  these  magnets 
used  tilted  current  blocks,  and  thus  the  IMC 
approximation  to  the  allowed  multipole  fields  was  not 
very  close  to  the  designers’  calculation  results.  For  the 
LHC  quadrupole,  the  operating  margin  could  also  be 
estimated  by  using  the  tutorial’s  interactive  calculation  of 
Jc  from  the  Summer’s  formula. 

Although  this  simple  IMC  procedure  does  not  give 
precise  results  for  field  harmonics,  it  can  be  very  helpful 
in  making  preliminary  comparisons  of  cosine  theta  magnet 
designs. 
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Abstract 

The  Heavy  Ion  Fusion  Group  at  Lawrence  Livermore 
National  Laboratory  has  for  several  years  been  developing 
the  world’s  first  circular  ion  induction  accelerator  designed 
to  transport  space  charge  dominated  beams.  Currently,  the 
machine  extends  to  90  degrees,  or  10  half-lattice 
periods(HLP)  with  induction  cores  for  acceleration  placed 
on  every  other  HLP.  Full  current  transport  with 
acceptable  emittance  growth  without  acceleration  has  been 
achieved  [1].  Recently,  a  time  stability  measurement 
revealed  a  2%  energy  change  with  time  due  to  a  source 
heating  effect.  Correcting  for  this  and  conducting  steering 
experiments  has  ascertained  the  energy  to  an  accuracy  of 
0.2%.  In  addition,  the  charge  centroid  is  maintained  to 
within  0.6-mm  throughout  the  bend  section.  Initial 
studies  of  matches  dependencies  on  beam  quality  indicate 
significant  effects. 

1  WHY  THE  RECIRCULATOR 

Currently,  heavy  ion  beams  are  being  pursued  as  a 
candidate  for  a  driver  of  an  Inertial  Fusion(IFE)  power 
plant.  In  such  a  power  plant,  ion  beams  would  provide 
the  input  energy  necessary  to  ignite  small  D-T  capsules 
[2],  The  accelerator  for  such  a  driver  would  need  to 
accelerate  space  charge  dominated  ion  beams  to  a  total 
kinetic  energy  of  a  few  GeV  while  providing  pulse 
compression  and  be  able  to  operate  at  a  rate  of  -5-Hz 
[3,4].  Usually  the  conceptual  design  of  such  a  machine  is 
linear,  but  an  alternative  concept,  which  may  provide 
significant  cost  savings  [5],  is  a  circular  machine,  or 
recirculator.  However,  a  space  charge  dominated,  ion 
induction,  circular  machine  has  never  been  built  before. 
Thus,  the  HIF  Group  at  LLNL  has  been  developing  a 
small  recirculator  in  order  to  investigate  the  validity  of 
such  a  concept. 

2  THE  RECIRCULATOR 

In  order  to  validate  the  recirculator  for  an  IFE  power  plant 
driver,  coordinating  bending  and  acceleration  of  the  beam 
while  maintaining  transverse  and  longitudinal  control  and 
beam  brightness  must  be  demonstrated  [6],  Table  1  lists 
some  important  characteristics  of  the  recirculator.  In 
designing  this  machine,  all  of  the  important  dimensionless 

*  This  work  has  been  performed  under  the  auspices  of  the  US  DOE  by 
LLNL  under  contract  W-7405-ENG-48. 
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beam  parameters,  such  as  perveance,  were  kept  the  same 
as  a  full  scale  driver  machine.  Each  half-lattice 
period(HLP)  of  the  recirculator  consists  of  a  permanent 
magnetic  quadrupole  for  focusing,  an  electrostatic  dipole 
for  bending,  an  induction  core,  for  acceleration  and 
longitudinal  compression,  and  a  capacitive  beam  probe,  or 
C-probe,  for  position  monitoring.  The  dipole  plates  are 
designed  to  bend  the  beam  by  9  degrees  while  the 
modulators  are  designed  to  accelerate  the  beam  by  500-eV. 
The  C-probes  provide  position  measurements  to  within 
100-pm. 


Table  1:  Recirculator  Specifications 


Circumference 

14.4m 

Beam  Species 

K+ 

#  of  laps 

15 

Max.  Beam  Radius 

1.5  cm 

Beam  Statistic 

Lap  1 

Lap  15 

Beam  Energy 

80  keV 

320  keV 

Pulse  Duration 

4  ps 

1  ps 

Beam  Current 

2  mA 

8  mA 

Undepressed  Phase  Advance 

78° 

45° 

Depressed  Phase  Advance 

16° 

12° 

Figure  1  shows  the  current  layout  of  the  machine. 
Initially,  a  4-ps  beam  pulse  is  injected  by  a  source  diode 
with  an  energy  of  80-keV  through  a  1-cm  diameter 
aperture  which  provides  an  initial  beam  current  of  2-mA. 
Upon  injection  the  beam  enters  an  electrostatic  matching 
section  used  to  convert  the  uniformly  expanding  beam  to 
an  AG  focused  beam.  A  short  magnetic  transport  section 
follows  which  then  leads  to  the  90  degree  bend  section. 
Following  the  bend  section  is  the  End  Tank  which  houses 
several  diagnostics  (a  Faraday  cup,  parallel  slit  scanner, 
and  a  gated  beam  imager)  to  measure  beam  quality.  Also 
magnetic  induction  cores  exist  on  5  of  the  10  HLP’s  as 
shown. 

As  reported  earlier  [1],  full  current  transport  through  the 
90°  bend  section  was  achieved  with  no  acceleration  and 
DC  voltages  (+/-  6.575-kV)  on  the  bending  dipole  plates. 
The  RMS  normalized  emittance, 

£rms  =  4$((*2)(*'2}-(xx')2) 

for  90%  of  the  full  beam  current  after  90°  was  found  to  be 
below  the  acceptable  limit  for  emittance  growth.  In  the 
bend  plane  (x),  the  measured  value  is  0.0457t-mm-mR 
while  the  out-of-plane  (y)  emittance  is  0.0687i-mm-mR. 
This  compares  to  0.02l7t-mm-mR  measured  directly  after 
the  source  aperture. 


0-7803-5573-3/99/$  1 0.00@  1999  IEEE. 
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0  1  2  3  4  5  meters 

Figure  1:  Current  Recirculator  Layout  and  Faraday  cup 
data  at  90  degrees. 


3  TIME  STABILITY 

A  time  stability  check  of  the  C-probe  signals  was 
conducted.  The  accelerator  was  turned  on  and  data  taken  at 
regularly  time  intervals.  The  measured  y  positions  were 
stable  to  within  the  accuracy  of  the  C-probes,  but  the  x 
positions  varied  extensively,  as  much  as  5  mm,  before 
stabilizing  after  6-7  hours  of  operation.  This  behavior 
was  eventually  determined  to  be  caused  by  the  heating  of 
the  alumino-silicate  source,  which  operates  at  a 
temperature  of  1000“C.  Even  though  the  source  is  heat 
shielded,  the  temperature  of  capacitors  around  the  source 
diode  were  found  to  increase  by  40°C,  which  lowers  their 
capacitance.  The  lowering  of  this  capacitance  actually 
raises  the  voltage  on  the  source  diode,  increasing  the 
energy  of  the  emerging  beam.  Thus,  the  x  positions  of 
the  beam  through  the  bend  section  change. 


Figure  2:  X  Positions  vs  Time  for  different  locations 
along  the  bend  section  (degrees  of  bend)  after  the 
temperature  compensation  amplifier  was  installed. 


To  solve  this  problem,  a  new  control  circuit  was 
introduced  for  the  source  pulser  power  supply.  A 
thermistor  was  added  to  the  source  tank  to  monitor  the  rise 
in  temperature  and  put  into  the  feedback  loop  of  an 
approximately  gain  1  amplifier.  The  amplifier  modifies 
the  DC  control  voltage  for  the  power  supply.  As  the 
temperature  rises,  the  control  voltage  lowers,  which 
lowers  the  output  voltage  of  the  power  supply  and 
compensates  for  the  lower  capacitance.  Figure  2  shows 
the  resulting  x  positions.  With  the  compensation  circuit, 
the  x  positions,  as  well  as  the  y  positions  are  constant  in 
time  to  the  accuracy  of  the  C-probes. 


4  STEERING 

With  the  time  dependence  problem  solved,  the  C-probe 
data  clearly  showed  betatron  motion  in  both  x  and  y  (see 
figure  3).  This  motion  could  be  caused  by  misalignments 
of  the  source,  matching  section  quads,  straight  section,  or 
the  bend  section,  or  some  combination  of  all  four.  To 
help  ascertain  the  cause,  steering  experiments  were 
performed  using  the  steerers  in  the  matching  section. 
These  steerers  have  the  same  mechanical  structure  as  the 
quadrupoles,  but  the  configuration  of  voltages  provide 
dipole  fields  in  x  and  y. 


Figure  3:  X  and  Y  positions  vs  Bend  Angle  without 
steering. 

In  these  experiments,  it  is  assumed  that  most  of  the 
betatron  amplitude  arises  from  misalignments  of  the 
source  and  the  quads  before  the  first  steerer,  S 1 .  First,  the 
voltages  on  SI  were  varied  until  the  amplitude  of  the  x 
betatron  motion  was  minimized.  This  condition 
corresponds  to  the  beam  leaving  SI  parallel  to  the 
beamline  center.  The  amplitude  of  the  betatron  motion  is 
the  offset  of  the  beam  at  SI.  Then,  by  monitoring  the  C- 
probe  approximately  one  betatron  period,  ~10  HLP’s, 
away  from  the  second  steerer,  S2,  the  field  in  SI  was 
increased  until  the  beam  centroid  at  S2  was  near  zero. 
Voltage  were  then  applied  to  S2  and  the  strength  varied 
until  the  betatron  motion  was  minimized,  which  will 
occurs  when  the  beam  leaves  S2  along  the  beamline 
center.  This  minimum  occurs  with  the  SI  field  ~80V/cm 
and  the  S2  field  ~60V/cm. 

Figure  4  shows  the  measured  x  positions  through  the 
bend  section  with  the  above  steering  fields  applied.  The 
betatron  motion  is  greatly  reduced  by  applying  steering 
voltages,  which  supports  the  assumption  that  most  of  the 
betatron  motion  is  caused  by  misalignments  of  the  source 
and  of  the  first  few  quads.  The  betatron  motion,  however, 
does  seem  to  grow  as  the  beam  passes  through  the  bend 
section  indicating  the  energy  of  the  beam  and  the  bending 
dipole  fields  are  not  exactly  matched.  The  voltages  on  the 
dipole  plates  are  know  to  an  accuracy  of  0.2%  but  the 
energy  is  less  well  known.  Therefore,  the  energy  of  the 
beam  was  lowered  by  0.5%,  and  the  steering  experiment 
was  redone,  with  the  steering  fields  becoming  ~130V/cm 
in  SI  and  ~120V/cm  in  S2.  The  result  is  also  plotted  in 
figure  4.  The  x  position  of  the  beam  now  remains  within 
0.6-mm  of  the  center  all  the  way  through  the  entire  bend 
section. 
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Figure  4:  X  positions  vs  Bend  Angle  with  steering  before 
and  after  energy-dipole  mismatch  correction. 


5  MATCH  SENSITIVITY 

One  important  goal  of  the  recirculator  project  is  to  study 
causes  of  emittance  growth.  One  such  possible  cause  is 
the  matching  section,  which  converts  the  uniformly 
diverging  beam  emitted  from  the  source  to  the  alternating 
focused-defocused  beam  needed  for  beam  transport  in  the 
bend  section.  The  requirement  of  a  matched  envelope  in 
the  bend  section,  puts  four  constraints  on  the  quadrupoles 
strengths  in  the  matching  section.  But  there  are  seven 
quads  in  the  matching  section,  or  seven  degrees  of 
freedom.  Thus,  the  problem  of  determining  the  matching 
section  quadrupole  strengths  is  an  under  constrained 
problem,  with  many  possible  solutions.  But  do  all  these 
solutions  produce  the  same  beam  quality? 

In  order  to  answer  that  question,  four  different  matches, 
or  configurations  of  quadrupole  strengths,  were  determined 
from  solving  the  envelope  equation  numerically.  The  four 
matches  are  called  the  Unique,  Best,  Good,  and  Bad  match. 
The  Unique  match,  has  the  last  three  quads  set  to  the  same 
strength  as  the  magnetic  quadrupoles  of  the  bend  section. 
The  Best  and  Good  provide  well  matched  envelopes  in  the 
bend  section,  but  the  behavior  of  the  envelopes  in  the 
matching  section  is  more  erratic  for  the  Good  match.  The 
Bad  match  does  not  provide  a  well  matched  envelope  in 
the  bend  section  and  the  behavior  in  the  matching  section 
is  even  more  erratic  than  the  Good  match. 


Table  2:  Emittances  (7c-mm-mr)  for  Various  Matches 


Match 

Q1Y  defocus 
e„  at  matchbox 

Q1Y  focus 
e„  at  matchbox 

Q1Y  focus 
e,  at  90° 

Unique 

0.026 

0.035 

0.076 

Best 

0.025 

0.039 

0.065 

Good 

0.030 

0.045 

0.073 

Bad 

0.116 

0.039 

0.099 

Table  2  lists  the  emittance  for  the  four  matches  as 
measured  by  a  slit  scanner  at  the  end  of  the  matching 
section,  right  before  the  seventh  quad.  The  measured 
emittance  is  in  the  out-of-bend  plane  dimension,  y,  and  is 
measured  for  the  two  different  polarity  settings.  Also 
shown  is  the  in-bend  plane  emittance  measured  after  the 
90°  bend  section.  The  plot  shows  that  only  the  Bad  match 
has  a  significantly  different  emittance  at  the  end  of  the 


matching  section.  However,  there  is  some  difference 
between  the  matches  after  the  bend  section.  At  this  point 
the  Best  match  has  the  lowest  emittance  value,  being 
slightly  less  than  the  Unique  and  Good  matches.  The  Bad 
match  is  still  the  match  with  the  highest  emittance  value. 

Even  though  the  Good  match  has  similar  emittance 
values  at  the  end  of  the  matching  section  as  the  other 
matches,  the  phase  space  plot  for  the  Q1Y  negative 
polarity  setting  showed  a  unique  behavior.  The  plot  is 
shown  in  figure  5.  One  can  clearly  see  a  second  spiral 
arm  present  in  the  phase  space  plot.  As  to  the  exact  cause 
of  this  feature  and  why  it  only  appears  with  the  Good 
match  is  unclear  at  this  time. 


Figure  5:  Phase  space  plot  measure  at  end  of  matchbox 
with  Q1Y  defocusing  and  for  the  Good  match. 

6  SUMMARY 

Experiments  on  the  90°  bend  section  of  the  Recirculator 
are  continuing.  The  beam  position  measurements  are 
stable  with  time  to  the  accuracy  of  the  C-probes,  beam 
steering  experiments  have  made  it  possible  to  maintain 
the  centroid  position  to  within  0.6-mm  throughout  the 
bend  section,  and  initial  sensitivities  studies  of  beam 
quality  on  the  match  has  yielded  significant  differences. 
These  results  are  all  positive  indications  in  the  feasibility 
of  recirculating  space  charge  dominated  heavy  ion  beams. 
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Abstract 

This  paper  describes  the  mechanical  design  of  the 
downstream  beam  transport  line  for  the  second  axis  of  the 
Dual  Axis  Radiographic  Hydrodynamic  Test  (DARHT  IT) 
Facility.  The  DARHT  II  project  is  a  collaboration 
between  LANL,  LBNL  and  LLNL.  DARHT  II  is  a  20- 
MeV,  2000-Amperes,  2-psec  linear  induction  accelerator 
designed  to  generate  short  bursts  of  x-rays  for  the  purpose 
of  radiographing  dense  objects.  The  downstream  beam 
transport  line  is  an  18-meter  long  region  extending  from 
the  end  of  the  accelerator  to  the  bremsstrahlung  target. 
Within  this  proposed  transport  line  there  are  17 
conventional  solenoid,  quadrupole  and  dipole  magnets;  as 
well  as  several  specialty  magnets,  which  transport  and 
focus  the  beam  to  the  target  and  beam  dumps.  There  is  a 
high  power  beam  dump,  which  is  designed  to  absorb  80- 
kJ  per  pulse  during  accelerator  start-up  and  operation.  The 
beamline  vacuum  chamber  has  an  8-cm  diameter  aperture 
and  operates  at  an  average  pressure  of  10 7  Torr. 

1  INTRODUCTION 

We  are  starting  the  engineering  design  for  the  downstream 
components  of  the  DARHT  II  Accelerator  [1],  Beam 
transport  studies  for  this  design  are  described  elsewhere  in 
these  proceedings  [2],  Figure  1  shows  the  proposed  layout 
for  the  elements  in  the  system.  The  beamline  from  the 
exit  of  the  accelerator  to  the  target  is  about  18  meters 
long.  Only  four  short  (16  to  100  nsec)  pulses  separated  by 
about  600  nsec  are  desired  at  the  bremsstrahlung  target. 

The  function  of  the  kicker  system  is  to  "kick"  four 
pulses  out  from  the  main  2-ftsec  pulse  leaving  the 
accelerator.  The  kicker  includes  a  bias  dipole  operated  so 
that  the  non-kicked  parts  are  deflected  off  the  main  line 
into  the  main  beam  dump,  while  the  kicked  parts  are  sent 
straight  ahead.  Focusing  elements  between  the  kicker  and 
the  septum  would  complicate  operation.  Therefore,  to 
achieve  a  narrow  beam  waist  at  the  septum,  solenoid  S3 
must  "throw"  a  waist  to  the  septum.  The  first  3  meters  of 
beamline  allow  the  beam  to  expand  from  its  5-mm 
matched  radius  in  the  accelerator  to  2.25-cm  at  solenoid 
S3.  The  system  is  designed  to  have  a  20%  energy 
acceptance  to  transport  to  the  main  beam  most  of  the 
leading  and  falling  edge  of  the  pulse  exiting  the 
accelerator.  The  proposed  system  using  a 
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quadrupole  septum  magnet  [2]  allows  for  a  larger  beam 
pipe  radius  than  the  more  conventional  dipole  septum 
magnet  studied  earlier.  This  increases  the  energy 
acceptance  of  the  transport  line  to  the  main  beam  dump. 
Although  desirable,  we  do  not  expect  to  include  the 
"Enge-magnet"  system  described  in  the  transport  studies  in 
the  beamline  for  the  initial  commissioning  of  the 
accelerator. 

The  kicker  system  is  described  elsewhere  in  these 
proceedings  [3].  After  the  kicker  system,  there  are  3 
quadrupole  magnets  to  restore  the  beam  to  a  round  profile 
and  to  compensate  for  edge  focusing  from  the  bend 
elements  (BM1,  BM2,  BM3,  BM4  as  shown  in  Figure  1.) 
in  the  Chicane.  Also,  we  have  included  beamline  elements 
in  this  region  to  allow  energy  and  emittance 
measurements  of  the  "kicked"  pulses.  Experience  has 
shown  ejecta  material  from  the  target  can  travel  the  length 
of  the  accelerator.  To  keep  this  material  from  reaching  the 
injector  and  accelerator  cells  we  have  included  a  Chicane 
system  that  does  not  allow  direct  line-of-sight  between  the 
target  and  the  upstream  elements. 

Finally  the  beam  will  be  pinched  to  a  tight  focus  at  the 
target  to  provide  an  intense  spot  of  x-rays  for  radiographic 
purposes.  Work  on  the  target  is  also  presented  in  these 
proceedings  [4]. 

2  MAGNETS 

The  magnets  within  the  DARHT  II  transport  line  are  all 
water-cooled  conventional  dc  electromagnets  with  the 
exception  of  the  final  focus  solenoid  magnet,  which  is 
pulsed.  The  magnets  are  listed  in  Table  1  along  with  their 
design  parameters. 

The  transport  solenoids  have  external  iron  shrouds  with 
water-cooled  copper  coils.  Solenoid  coils  are  wound  into 
individual  two-layer  “pancake”  coils.  Each  magnet  has  an 
even  number  of  these  pancake  coils.  The  pancakes  are 
installed  in  an  A-B-A-B  orientation  to  minimize  axial  field 
errors.  The  inside  diameters  of  the  solenoid  coils  are  sized 
large  enough  to  fit  over  the  outside  diameter  of  the  beam 
tube  flanges. 

The  transport  quadrupole  and  dipole  magnets  have  solid 
iron  cores  with  water-cooled  copper  coils.  The  quadrupole 
magnets  are  two-piece,  solid-core  construction.  The  dipole 
magnets  are  two-piece,  solid-core,  “H”  style  construction. 

The  alignment  requirements  for  the  transport  magnets 
are  ±0.4-mm  positional  tolerance  and  ±3-mrad  angular 
tolerance.  All  transport  magnets  have  fiducials  mounted 
on  the  outside  of  the  iron.  The  magnets  are  magnetically 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 


3251 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


mapped  and  aligned  on  the  transport  line  with  respect  to 
the  fiducials. 


Table  1 :  Magnet  specifications 


Magnet  Name 

Length 

(m) 

Field 

(kG) 

Bore 

(cm) 

Bend 

(deg) 

Solenoid  S3 

0.25 

3.0 

22 

- 

Quad  Septum 

0.15 

15.0 

16 

- 

Dipole  Septum 

0.40 

1.2 

16 

-35 

Quadrupole  QV 

0.15 

1.0 

16 

- 

Quadrupole  QH 

0.15 

1.0 

16 

- 

Quadrupole  QS 

0.15 

1.0 

16 

- 

Dipole  EAM 

0.40 

1.5 

16 

-45,  +90 

Solenoid  S5 

0.25 

3.0 

22 

- 

Dipole  BM1 

0.15 

1.0 

8 

+6.6 

Dipole  BM2 

0.15 

1.0 

8 

-6.6 

Dipole  BM3 

0.15 

1.0 

8 

-6.6 

Dipole  BM4 

0.15 

1.0 

8 

+6.6 

Solenoid  S6 

0.25 

3.0 

22 

- 

Solenoid  SFF 

0.05 

20.0 

8 

3  VACUUM  SYSTEM 

The  vacuum  chambers  for  the  DARHT  II  Transport  Line 
are  circular  beam  pipes  constructed  from  304L  stainless 
steel.  The  region  from  the  end  of  the  accelerator  through 
the  septum  has  a  16-cm  bore  diameter.  From  the  septum 
to  the  target,  the  bore  diameter  is  reduced  to  8  cm.  The 
vacuum  seals  are  made  with  conflat  style  knife-edge 
flanges  with  annealed  copper  gaskets.  RF  seals  between 
flanges  are  made  with  copper  “gap  rings”  which  are 
compressed  between  the  conflat  flanges  and  fill  the  gap  at 
the  inside  bore  of  the  beamline  between  the  flanges.  The 
use  of  all-metal  seals  is  driven  by  the  potential 
requirement  to  in  situ  bake  the  transport  vacuum  system. 
In  situ  bake-out  may  be  required  to  minimize  adsorbed  gas 
on  the  beam  tube  walls,  which  may  be  desorbed  by  beam 
halo  scraping  the  walls. 

The  vacuum  design  requirement  for  the  transport  line  is 
107  Torr  average  pressure.  Above  this  pressure, 
predictions  indicate  that  there  will  be  detrimental  effects  to 
the  beam.  In  addition,  the  vacuum  pressure  at  the  target  is 
desired  to  be  in  the  10'8  Torr  range.  To  meet  these 
requirements,  a  combination  of  cryopumps,  and 
turbomolecular  pumps  are  employed  along  the  length  of 
the  beamline.  The  pump  sizes  and  spacing  was 
determined  by  calculating  the  vacuum  pressure  profile 
along  the  beamline  utilizing  a  one-dimensional  pipeline 
pressure  code  [5],  For  this  analysis,  the  beamline  is 
characterized  as  a  series  of  discrete  segments.  Length,  axial 
conductance,  gasload,  and  pumping  speed  define  each 
segment.  The  pump  speeds  and  locations  of  the  pumps 
were  varied  to  determine  the  most  economical  approach  to 
vacuum  pumping  the  transport  line.  The  pressure  profile 
for  the  transport  line  is  shown  in  Figure  1.  The  average 
beamline  pressure  is  8.5  x  10'8  Torr  (85  nTorr). 


The  pump  located  at  the  end  of  the  accelerator  is  a  20- 
cm  diameter  cryopump.  A  cryopump  was  selected  for  this 
location  to  pump  the  relatively  high  gas  loads  from  the 
last  accelerator  segment.  The  remaining  pumps  in  the 
transport  line  are  250  liters  per  second  turbomolecular 
pumps  because  the  gas  loads  in  the  transport  line  are 
lower  and  the  axial  conductance  of  the  beamline  is 
significantly  less  than  in  the  accelerator.  All  vacuum 
pumps  must  pump  the  beamline  through  pumping  crosses 
equipped  with  RF  screens  to  minimize  perturbations  on 
the  beam. 

Throughout  the  beamline  there  are  beam  position 
monitors  (BPMs)  to  measure  the  location  and  angle  of 
trajectory  of  the  beam.  The  BPMs  mount  between  the 
flanges  of  adjacent  transport  beam  tubes.  The  accurate 
transverse  location  of  the  BPMs  is  critical  to  the  operation 
of  the  transport  line  and  it  is  their  positional  requirements, 
which  set  the  alignment  tolerances  for  the  beam  line 
vacuum  system.  To  satisfy  the  BPM  requirements,  the 
transport  line  beam  tubes  must  be  aligned  to  within  0.2 
mm  offset.  Each  beam  tube  will  be  manufactured  with 
fiducials,  which  allow  the  survey  crew  to  measure  and 
position  external  to  the  centerline. 

4  BEAM  DUMPS 

There  are  three  beam  dumps  included  in  the  DARHT  II 
downstream  transport  system;  a  main  beam  dump,  an 
energy  analyzer  dump,  and  an  emittance  diagnostic  dump. 
The  main  beam  dump  absorbs  the  portion  of  the  beam 
that  is  not  deflected  by  the  kicker  magnet.  The  beam  is 
initially  deflected  by  the  bias  dipole,  it  then  passes 
through  the  septum  quadrupole  to  the  septum  dipole  and 
into  the  main  dump.  The  normal  horizontal  beam  size  at 
the  main  beam  collector  is  8  cm.  However,  the  startup 
parameters  for  the  beam  will  not  be  well  known.  We  must 
therefore  provide  some  safety  margin.  First  consideration 
is  to  keep  the  instantaneous  temperature  (temperature  at 
the  end  of  the  2-p.sec  pulse)  of  the  impact  area  below  the 
damage  point  for  the  material.  At  a  5  pulse  per  minute 
repetition  rate  we  can  manage  the  average  temperature 
increase.  The  beam’s  energy  is  80-kJ  per  pulse  and  the 
average  thermal  power  is  6.67-kW.  We  also  desire  to  keep 
the  neutron  yield  low  to  minimize  activation  of 
components  and  simplify  radiation  shielding.  The 
construction  of  the  beam  dump  must  be  compatible  with 
high  vacuum  as  explained  in  the  previous  section.  Studies 
are  looking  at  using  graphite  material  to  decelerate  the 
beam  electrons. 

The  energy  analyzer  dump  and  the  emittance  diagnostic 
dump  are  similar  in  design.  These  two  dumps  are 
designed  to  absorb  the  kicked  portion  of  the  beam,  which 
is  deflected  to  either  diagnostic  for  evaluation.  This 
beam’s  energy  is  4.0-kJ  per  pulse  and  the  average  thermal 
power  is  0.33-kW  at  5  pulses  per  minute. 

In  addition  to  the  beam  dumps,  there  is  a  beam  stop, 
which  is  a  safety  feature  in  the  transport  line.  The  purpose 
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of  the  beam  stop  is  to  allow  accelerator  operations  to 
continue  while  personnel  are  working  in  the  target  area 
outside  the  accelerator  hall.  The  beam  stop  is  located  at 
the  end  of  the  accelerator  hall,  within  the  penetration  in 
the  5-foot  thick  concrete  wall.  The  beam  stop  is  a 
composite  absorber,  made  up  of  a  3-inch  thick  graphite 
block,  backed  by  12-inches  of  tungsten.  There  is 
additional  shielding  surrounding  the  beam  stop  to  absorb 
radiation.  A  permanent  magnet  dipole  will  be  installed 
administratively  before  the  beam  stop  to  deflect  any  beam 
accidentally  transported  beyond  the  diagnostic  dumps. 

5  INSTRUMENTATION  AND 
DIAGNOSTICS 

Beam  diagnostics  for  the  DARHT  II  transport  line  include 
BPMs  which  feed  back  to  corrector  magnets  for  steering,  a 
spectrometer  for  measuring  beam  energy,  and  a  “pepper¬ 
pot”  for  measuring  beam  emittance. 


Vacuum  diagnostics  include  convectron  and  ion  gages 
located  at  each  pumping  cross.  There  are  convectron  gages 
located  on  either  side  of  the  beam  line  isolation  valves  to 
prevent  opening  the  valve  when  one  side  is  “up  to  air”. 
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Abstract 

During  normal  DARHT  II1  operation,  the  beam  exiting 
the  accelerator  will  be  well  characterized  by  its  nominal 
design  parameters  of  20-MeV,  2000-Amperes,  2-psec- 
pulse  length,  and  3  cm-mr  unnormalized  emittance. 
Normal  operation  will  have  the  beam  delivered  to  a  beam 
dump  via  several  DC  magnets.  A  2-way  kicker  magnet  is 
used  to  deflect  portions  of  the  beam  into  the  straight 
ahead  beamline  leading  to  either  a  diagnostic  beamline  or 
to  the  converter  target  beamline.  During  start  up  and  or 
beam  development  periods,  the  beam  exiting  the 
accelerator  may  have  parameters  outside  the  acceptable 
range  of  values  for  normal  operation.  The  Enge  beamline 
must  accommodate  this  range  of  unacceptable  beam 
parameters,  delivering  the  entire  80  Kilojoule  of  beam  to 
the  dump  even  though  the  energy,  emittance,  and/or 
match  is  outside  the  nominal  design  range. 

1.  THE  BEAMLINE 

The  beamline  system  consists  of  four  operationally 
distinct  beamlines:  1)  the  Enge  beamline,  2)  the  main 
dump  beamline,  3)  the  diagnostic  beamline,  and  4)  the 
target  beamline.  These  lines  share  some  components  and 
floor  space  within  the  DARHT  building.  The  beamline 
considered  here  extends  from  the  exit  of  the  accelerator, 
some  12  meters  before  the  beginning  of  the  shielding 
wall.  Depending  on  the  magnet  settings,  the  beam  from 
the  accelerator  is  transported  to  the  “Enge  dump,”  a 
“tuning  dump,”  kicked  into  a  “diagnostic  line,”  or  kicked 
into  the  “transport  line”  with  eventual  delivery  to  the  x- 
ray  converter  target  outside  the  shielding  wall.  The  two 
dump  beamlines  and  diagnostic  beamline  are  constrained 
to  lie  within  the  DARHT  shielding  wall.  The  beamline  to 
the  converter  target  penetrates  the  shielding  wall  and 
extends  some  5.9  meters  from  the  exit  of  that  wall  to  the 
converter  target.  When  ready  to  produce  a  radiograph  we 
use  the  2-way  kicker  to  cancel  the  DC  field  of  the  kicker 
bias  dipole  allowing  a  section  of  the  beam  to  pass 
undeflected  into  the  target  beamline.  We  repeat  this  up  to 
four  times  during  the  2-psec-beam  duration,  producing  up 


to  four  beam  pulses  separated  by  600  ns.  The  x-rays  are 
produced  when  the  electrons  are  tightly  focused  by  the 
final  focusing  lens  to  the  correct  position  on  a 
Bremsstrahlung  target. 

2.  THE  BEAM 

The  beam  delivered  by  the  DARHT  accelerator  consists 
of  a  2-psec-beam  body  of  20-MeV  electrons.  This  is 
preceded  by  the  “beam  head,”  a  0.4-psec  dribble  of 
electrons  8-20  MeV  with  current  increasing  from  .1  to  2 
kA.  If  a  beam  head  cleanup  section  is  used  after  the  first  8 
cells,  this  head  is  reduced  to  a  0.05-psec  dribble  of 
particles  in  the  energy  range  of  15-20  MeV,  current  0  to  2 
kA 

3.  THE  ENGE  BEAMLINE 

The  Enge  beamline  must  be  capable  of  handling  the  entire 
80  KiloJoule  of  thermal  energy  over  a  wide  range  of  beam 
energy,  emittance,  or  other  parameters.  This  beamline  is 
capable  of  handling  and  characterizing  the  beam  from  the 
accelerator  “no  matter”  what  its  energy,  emittance,  or 
other  parameters  are.  This  beamline  consists  of  a  series  of 
solenoid  lens  leading  to  an  Enge  magnet  [1]  that  bends  the 
beam  about  90  degree  independent  of  beam  energy.  The 
bent  beam  is  then  strongly  overfocused  by  a  lens  and 
deposited  into  a  beam  dump.  After  the  beam  energy  and 
emittance  is  determined,  the  Enge  magnet  is  turned  off 
and  the  beamline  magnets  are  set  to  pass  the  beam  into  the 
tuning  dump. 

4.  THE  TUNING  DUMP  BEAMLINE 

The  tuning  dump  beamline  also  handles  the  entire  80 
KiloJoule  of  thermal  beam  energy.  A  pair  of  8  cm 
diameters  beam  scrapers  separated  by  2.0  meters  provides 
a  degree  of  phase  space  limitation  of  the  beam  that  can  be 
passed  through  the  kicker.  The  kicker  DC  bias  dipole 
deflects  the  beam  by  0.59  degrees  (kicker  off).  This  beam 
enters  a  quadrupole  septum  2.78  meters  downstream  3.33 
cm  off  axis.  The  quadrupole  gradient  is  -13.44  kG/m 
vertically  focusing.  The  beam  offset  contributes  a  447 
Gauss  dipole  field  component  that  increases  the  beam 


+  This  work  was  performed  under  the  auspices  of  the  US  Department  of  Energy  by  LLNL,  contract  W-7405-ENG-48 
and  by  LBNL  under  contract  AC03-76SF00098 
f  acpaul@llnl.gov 

1  Second  axis  of  the  Dual  Axis  Radiographic  Hydrodynamic  Test  facility. 
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deflection  angle  to  9.5  degrees.  0.2  meters  further 
downstream  the  beam  enters  a  1.06  kG  dipole  septum 
magnet.  The  fringe  focusing  of  this  magnet  combined 
with  the  focusing  of  the  quadrupole  septum  is  sufficient  to 
reduce  the  energy  density  of  the  20-MeV  2-psec  beam  to 
less  than  600  Joule/cm2  at  the  beam  dump.  The  20  MeV 
beam  is  bent  by  45  degrees,  the  beam  head  is  spread 
between  45  and  85  degrees. 

5.  THE  DIAGNOSTIC  BEAMLINE 

The  diagnostic  beamline  handles  up  to  4  Kilo  Joule  of 
thermal  energy.  This  beamline  consists  of  a  magnetic 
spectrometer  with  better  than  a  1/4  percent  momentum 
resolution,  and  an  emittance  measuring  diagnostic.  After 
accurate  determination  of  the  beam  parameters,  the  target 
beamline  magnets  are  set  and  the  diagnostic  beamline 
turned  off.  The  beam  can  then  be  kicked  into  the  line  for 
delivery  to  the  x-ray  target. 

6.  THE  TARGET  BEAMLINE 

Beam  sections  are  kicked  into  the  straight-ahead  beamline 
through  the  center  of  the  quadrupole  septum.  Three 
additional  quadrupoles  re-establish  a  round  beam  matched 
to  solenoid  transport.  This  beam  passes  through  a  4  dipole 
chicane  with  maximum  offset  of  7  cm  to  prevent  target 
ejecta  from  coming  back  into  the  accelerator.  The  final 
focus  lens  is  an  18  kG  pulsed  solenoid  with  a  10  psec  flat 
top  to  reduce  power  consumption.  The  beam  final  focus 
on  the  target  is  0.1  meters  beyond  the  exit  of  that  lens. 
The  beam  must  be  focused  to  smaller  than  1.3  mm 
FWHM  time  integrated. 

7.  TARGET  IMAGE  SIZE  SENSITIVITY 

We  have  investigated  the  sensitivity  of  the  final  spot  to 
variations  in  initial  beam  parameters.  Figure  1  shows  the 
final  target  beam  radius  vs.  beam  momentum,  accelerator 
exit  radius,  accelerator  exit  match,  and  beam  emittance. 
The  nominal  design  operating  points  is  at  20.505  MeV/C, 
0.5  cm,  and  3.0  cm-mr. 

8.  OPERATING  GOAL 

The  high  power  80  Kilojoule  beam  from  DARHT  cannot 
be  allowed  to  hit  the  wall.  This  is  why  we  have  developed 
several  beamlines  allowing  the  successively  more 
accurate  characterization  of  the  beam  all  the  while, 
delivering  that  beam  to  the  high  power  beam  dumps.  If 
you  are  going  to  transport  an  80  kJ  beam  through  some 
transport  space,  you  better  know  its  parameters,  for  if  you 
don't  and  that  beam  hits  something,  the  vacuum  becomes 
atmosphere  and  you  have  a  problem.  The  beamline 
sections  following  the  kicker-septum  only  handle  beam 
pulses  of  4  or  less  Kilojoule  of  thermal  energy. 

In  this  spirit,  we  attempt  to  accommodate  beams 
with  emittance  an  order  of  magnitude  above  the  design 
value,  with  energy  that  is  “unknown.”  This  is  necessary  so 
that  during  tune-up  and  debugging  periods  of  operation, 
the  machine  can  be  adjusted  without  having  the  beam 
blasting  holes  through  the  vacuum  wall.  Figures  2,  3,  and 


4  show  the  beamline  layout  and  beam  profile  for  the 
tuning  dump  and  target  beamlines  [2]. 


Momentum  (MeV/C) 


Radius  at  accelerator  exit  (cm) 

Figure  1 . 


3255 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


References 

[1]  “Achromatic  Magnetic  Mirror  for  Ion  Beams,”  Harold 
A.  Enge,  Review  of  Scientific  Instruments,  April  1963, 
page  385-389. 

[2]  “Transport  -  An  Ion  Optic  Program  LBL  Version,” 
Arthur  C.  Paul,  Feb.  1975,  LBL-2697;  Modified  at  LLNL 
for  XI 1  Graphics  and  DARHT  application. 


0  5  10  15  20 


Figure  2.  Layout  of  the  proposed  transport  elements  in  the  DARHT-II  hall. 
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Figure  3.  T ransport  for  the  non-kicked  portion  of  the  beam  from  the  end  of  the  accelerator  to  the  beam  dump. 
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ABSTRACT 


We  present  the  design  for  an  induction  linac  that  is  fed  by 
a  long  pulse  injector  that  will  generate  a  20  MeV,  2  kA, 
2ps  electron  beam  pulse  for  the  DARHT  second  axis  at 
Los  Alamos  National  Laboratory.  The  accelerator  cells 
are  shielded  gap  cavities  with  Mycalex  insulators  and 
Metglas  cores.  A  large  bore  (14”)  block  of  eight  cells 
follow  the  injector  while  the  remaining  80  cells  have  a  10” 
bore.  Blocks  of  eight  cells  are  interspersed  with  intercells 
that  provide  pumping,  diagnostics  and  space  for  cell 
removal.  RF  properties  of  the  cells  have  been  calculated 
and  measured.  Response  to  BBU  modes  and  corkscrew 
have  been  calculated.  Design  details  of  the  cells, 
solenoids,  corrector  coils,  intercells  and  pulsers  will  be 
presented  along  with  prototype  data. 

1  INTRODUCTION 

The  induction  linear  accelerator  section  of  the  DARHT 
second  axis  accelerator  consists  of  88  induction  cells 
arranged  axially  into  1 1  cell  blocks  of  8  cells  each.  The 
entire  accelerator  inside  the  building  is  shown  in  fig.  1. 


Fig.  1  DARHT  Second  Axis  Accelerator  System 
*Dual  Axis  Hydrodynamics  Test 

#This  work  was  supported  by  the  U.S.  Department  of  Energy 
under  Contract  No.  DE-AC03-76F00098. 
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The  injector  is  at  the  left.  It  is  a  3.2  MV  diode  which 
provides  the  induction  linac  with  a  2kA  electron  beam. 
The  subject  of  this  paper  is  the  induction  linac  itself  which 
adds  16.8  MeV  to  the  beam  energy.  An  intercell  is  placed 
between  each  pair  of  cell  blocks  to  provide  vacuum 
pumping  and  a  removable  section  to  allow  removal  of 
cells  for  repair.  As  can  be  seen  from  fig.l,  a  large  gap 
exists  between  the  first  and  second  cell  block.  This  is  to 
provide  space  for  a  beam-pulse-head-dump  which  will  be 
designed  and  built  by  Los  Alamos  National  Laboratory. 
The  purpose  of  this  dump  is  to  lose  the  risetime  portion  of 
the  beam  pulse  (approx.  400ns)  in  a  non  destructive  way. 
The  flat  portion  of  the  beam  pulse  is  just  longer  than  2ps. 
Fig.l  shows  the  pulsers  and  the  electrical  racks  for  the 
linac  cells  at  a  level  below  the  accelerator.  The  pulsers 
and  racks  for  the  first  eight  cells  are  shown  above  the 
injector  Marx  generator  tank.  Downstream  of  the 
accelerator  is  a  beam  chopper  system  being  developed  by 
Lawrence  Livermore  National  Laboratory  to  chop  four 
short  pulses  out  of  the  2ps  macropulse  and  to  dump  the 
rest  of  the  beam.  The  cells  and  pulsers  are  being  designed 
to  allow  an  upgrade  in 

current  to  4kA,  if  needed,  without  serious  modification. 

2  PHYSICS  DESIGN  ISSUES 

The  issues  most  important  to  the  physics  design  of  the 
linac  are  generation  of  ions  by  spilled  beam,  beam 
breakup  (BBU)  instability,  corkscrew  motion  of  the  beam 
centroid,  and  emittance  growth.  Spilled  beam  or  halo  may 
generate  ions  that  could  disrupt  the  transport  of  the  beam 
or  backstream  into  the  injector  cathode.  Ions  generated  by 
beam  loss  can  also  create  breakdown  in  the  gap-insulator 
zone.  BBU  is  a  result  of  resonant  coupling  between 
transverse  beam  motion  and  TM  cavity  modes  in  the  cells. 
It  can  be  reduced  by  increasing  pipe  diameter  decreasing 
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the  accelerating  gap,  reducing  insulator  dielectric 
constant,  or  increasing  the  solenoid  transport  field. 
Corkscrew  motion  comes  from  a  combination  of  solenoid 
field  misalignment  and  varying  beam  energy.  Emittance 
growth  can  come  from  large  beam  envelope  oscillations, 
non-linear  focusing  fields  and  non-uniform  radial  beam 
density.  In  the  sections  below  we  discuss  how  the  cells 
are  designed  to  avoid  these  problems. 

3  ACCELERATOR  CELLS 

Injector  Cells 

There  are  two  types  of  induction  cells  in  the  linac.  The 
first  block  of  8  are  called  “injector  cells”  while  the 
remaining  80  are  called  “standard  cells”.  The  part  of  the 
linac  immediately  after  the  injector  is  most  susceptible  to 
ion  generation  from  beam  spill  and  BBU  generation 
because  the  beam  is  large  and  transport  field  must  be  low. 
The  injector  cell  is  shown  in  fig.2a. 


a)  b) 

Fig.  2  Injector  Cell  a),  Standard  Cell  b) 

The  main  distinctive  feature  of  the  cell  is  a  14  inch  beam 
pipe  diameter  compared  to  the  10  inch  pipe  in  the  standard 
cell.  The  reasons  for  the  larger  pipe  are:  less  generation  of 
ions  from  spilled  beam,  smaller  probability  of  gap 
breakdown  from  spilled  beam,  and  reduction  of  transverse 
mode  impedances  that  contribute  to  BBU.  The  solenoid 
transport  field  cannot  be  raised  too  rapidly  at  low  beam 
energies  because  of  possible  emittance  growth.  The 
scaling  of  the  transverse  mode  impedance  for  a  pillbox 
cavity  goes  as  W/b2  where  W  is  the  accelerating  gap 
length  and  b  is  the  pipe  radius.  AMOS  calculations  of  the 
dominant  mode  impedances  for  these  cells  give  values  ~ 
180£2/m.  The  beam  pipe  is  stainless  steel  and  the  body  of 
the  cell  is  aluminium.  A  prototype  of  the  cell  using  an 
insulator  different  from  the  final  design  geometry  is  being 
tested  for  beam  spill  effects  at  the  THOR  machine  at  Los 
Alamos.  The  insulator  is  Mycalex  (a  glass-mica  mixture) 
the  cross  section  of  which  is  a  section  of  a  cone  that  has  a 
30°  angle  between  the  electric  field  lines  and  the  insulator 


surface  to  drive  electrons  away  from  the  surface.  The 
original  injector  cell  prototype  used  a  backward  curved 
insulator  geometry  in  an  effort  to  create  space  for  a 
diagnostic  station  in  each  cell  and  to  provide  some 
frequency  shifting  of  the  TM  modes  with  respect  to  the 
standard  cells.  However,  high  voltage  testing  showed  that 
this  cell  required  repeated  conditioning  after  being  turned 
off  and  that  voltage  retreat  was  required  after  a  breakdown 
to  recondition.  It  was  determined  that  diagnostics  were  not 
needed  in  each  cell.  Therefore  it  was  abandoned. 

The  ferromagnetic  material  is  Allied  Signal  2605 
SC  Metglas.  The  cores  are  4  inches  wide  and  tape  wound 
with  2.5-4|X  thick  Mylar  insulation.  The  injector  cells  have 
fewer  volt-sec  of  core  material  then  the  standard  cells  and 
operate  at  173kV.  There  are  four  cores  in  each  cell  each 
of  which  is  radially  continuous  and  immersed  in  dielectric 
oil.  Damping  ferrites  to  reduce  the  Q’s  of  TM  modes  are 
placed  on  the  oil  side  of  the  insulator  interface.  There  are 
four  current  feeds  to  the  cores  to  prevent  quadrupole 
moments  from  being  induced  that  could  perturb  the  beam. 

The  maximum  enhanced  electric  field  stress  on 
the  negative  electrode  is  78  kv/cm  and  the  surface  gradient 
on  the  insulator  is  43  kv/cm.  The  insulator  is  epoxied  to 
the  metal  components  to  ensure  that  oil-vacuum  leaks  will 
not  occur. 

Standard  Cells 

Eighty  of  the  eighty  eight  cells  are  of  the  design  in  fig. 
2b).  There  are  three  major  differences  with  the  other  cell 
design.  The  beam  pipe  is  10”  diameter.  The  Metglas 
cores  have  smaller  ID  but  the  same  OD.  Finally,  the 
solenoid  has  twice  as  many  layers  because  higher 
transport  fields  are  needed  at  higher  energies.  The 
insulator  and  gap  geometries  are  the  same.  The  solenoids 
are  water  cooled  and  capable  of  0.22T  maximum. 

The  design  current  has  been  reduced  to  2  kA 
from  4  kA  but  the  design  has  been  left  unchanged  to  allow 
the  possibility  of  upgrading  in  the  future  to  4  kA.  The 
standard  cells  operate  at  193  kV  and  the  maximum 
enhanced  field  stress  on  the  negative  electrode  in  the  gap 
is  85  kV/cm. 

Intercells 

The  intercells  are  metal  boxes,  that  allow  pumping  to 
achieve  the  10 7  Torr  required  beamline  vacuum,  and  to 
create  a  section  that  can  be  removed  transversely  from  the 
beamline  making  space  to  slide  the  interlocking  induction 
cells  out  for  repair.  The  intercell  is  17”  long  and  contains 
a  6  “  long,  0.25T  solenoid  to  reduce  ripple  in  the  magnetic 
transport  line.  Between  the  intercell  and  the  first  induction 
cell  of  the  next  block  is  a  diagnostic  ring  containing  beam 
position  monitors  and  B-dot  diagnostics.  Current  return 
rods  are  built  into  the  intercells  to  allow  for  pumping  and 
yet  shield  the  beam  from  the  cavity. 
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4  PULSERS 

Each  cell  is  driven  by  a  pulser  that  is  a  four  stage  Marx 
generator  each  stage  of  which  is  a  seven  capacitor  pulse 
forming  network  (PFN).  The  pulser  is  capable  of  driving 
a  2.4ps  pulse  into  a  20  Q  matched  load  at  200  kV  and  10 
kA.  The  PFN  impedance  is  tapered  to  handle  the  non 
linear  core  magnetizing  current.  The  PFN  inductance  is 
tuned  by  insertion  of  a  copper  tube  to  maximize  the 
voltage  flatness  up  to  ±0.5%  when  the  pulser  is  attached  to 
the  cell.  The  cell  cores  will  be  individually  tested  and 
selected  so  that  individual  tuning  for  each  pulser/cell 
combination  is  not  required.  Components  in  the  pulser  are 
being  rated  conservatively  to  achieve  long  life  and  high 
reliability. 

5  MOUNTING  AND  ALIGNMENT 

The  exterior  of  the  cells  is  shown  in  fig.  3. 


Fig.  3  Cell  Exterior  and  Mounting 

Each  cell  weighs  approximately  5  Tonnes  and  is  mounted 
with  a  six  degree  of  freedom  set  of  differential  screw 
struts  to  a  base  plate.  These  struts,  used  at  the  LBNL 
Advanced  Light  Source,  allow  precision  positioning  of 
heavy  components.  Also  shown  are  the  four  cans  for  each 
cable  feed  that  contain  the  core  compensation  circuits.  A 
view  of  two  base  plates  nested  together  is  also  shown  with 
three  of  the  six  struts  visible.  Each  cell  is  individually 
aligned  to  the  ideal  beam  line  using  the  struts.  Cell  to  cell 
and  cell  to  intercell  vacuum  sealing  is  done  by  inflatable 
bladder  units  which  squeeze  face  seal  O-rings  against  the 
cell  housing. 

6  ACCELERATOR  SYSTEM 
PERFORMANCE 

The  destructive  effects  of  ion  production  from  spilled 
beam  or  halo  are  being  minimized  by  using  large  beam 
pipe  diameters  and  possibly  scrapers  if  necessary.  Tests 
on  the  THOR  facility  at  LANL  will  be  carried  out  soon  to 


understand  the  tolerable  limits  for  beam  spill  on  the 
accelerator  cell  gaps.  Beam  tuning  will  be  optimized  to 
stay  within  those  limits.  The  insulator  has  been  well 
shielded  and  conservatively  designed  to  avoid 
breakdowns. 

BBU  is  being  minimized  by  keeping  the  pipe 
size  large  and  using  ferrite  dampers  in  the  cells  to  lower 
the  Q’s  of  TM  modes.  AMOS  was  used  to  optimize  the 
cell  design  for  transverse  mode  impedance  and  to  properly 
place  damping.  Mycalex  with  a  dielectric  constant  of  6.9 
makes  it  more  difficult  to  keep  Zx  low  compared  to 
Rexolite  (2.5).  Mycalex  has  been  chosen  because  of  its 
robustness  under  electrical  breakdown  both  mechanically 
and  in  electrical  recovery.  Tests  at  LBNL  indicated  that 
Rexolite  did  not  recover  well  from  long  pulse  breakdowns 
(~2ps).  The  AMOS  modelling  indicates  a  minimum 
practically  achievable  Zx  of  about  350£2m  for  the 
standard  cells.  The  injector  cells  would  be  lower 
primarily  because  of  pipe  size  scaling.  Measurements 
have  been  carried  out  on  a  cavity  mock  up  without 
Metglas  cores  and  on  a  full  prototype  standard  cell  with 
cores  and  oil.  The  latter  used  a  two  wire  exciter-loop 
pickup  technique  developed  by  Briggs."’  The 
measurements  showed  a  Zx  at  230  MHz  of  350-450Q/m 
with  ferrite  damping  on  the  oil  side  and  Q’s  of  4-5. 
Measurements  using  a  standard  two  wire  technique'21  will 
be  performed  soon  to  confirm  these  results. 

The  total  transverse  beam  motion  at  the  end  of 
the  accelerator  due  to  both  BBU  and  corkscrew  motion 
must  be  less  that  10%  of  the  beam  radius.  The  corkscrew 
is  being  minimized  by  making  the  accelerating  voltage  as 
flat  as  possible  (±0.5%)  and  aligning  the  solenoids  as  well 
as  possible  using  the  Stretched  Wire  Alignment 
Technique.'31  Accuracies  of  ±  0.1mm  on  solenoid  axis 
location  and  ±0.3  mrad  on  tilt  should  be  achievable 

A  calculation  of  the  beam  motion  at  the  end  of 
the  machine  assuming  the  configuration  discussed  above 
but  without  intercells  has  been  performed.  The 
calculation  assumes  a  200  MHz,  100p  injector  transverse 
noise  seed  and  a  beam-pulse-head-dump  which  creates  a 
small  precursor  pulse  ahead  of  the  equilibrium  pulse.  Cell 
transverse  mode  impedances  of  180  Q/m  and  340  f2/m  for 
the  injector  and  standard  cells  were  used  at  200  MHz.  Q’s 
were  2  and  1.9  respectively.  This  somewhat  pessimistic 
calculation  gave  125p  of  BBU  motion  superimposed  on 
350p  of  corkscrew  motion.  The  beam  radius  was  8  mm  so 
the  transverse  motion  was  well  within  the  800p  budget. 
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Abstract 

AIRIX  is  a  linear  induction  accelerator  that  will  be  used 
for  flash  X-ray  radiography.  It  will  deliver  a  20  MeV, 

3.5  kA,  60  ns  electron  beam.  This  accelerator  is  now 
under  installation  at  PEM.  The  injector,  that  produces  a 

3.5  kA,  4  MeV,  60  ns  electron  beam  and  16  induction 
cells  powered  by  8  high  voltage  generators  (250  kV  per 
cell)  are  already  operational.  At  this  point,  the  AIRIX  LI  A 
has  the  same  dimension  than  the  PIVAIR  prototype 
installed  at  CESTA  [1].  This  paper  relates  the  electron 
beam  characterization  that  we  have  made  to  compare  the 
two  accelerators.  Those  experiments  consist  first,  on  beam 
imaging  to  validate  beam  transport  code  at  three  points  on 
the  beam  line.  In  a  second  time  we  measure  the  energy  of 
the  beam  with  the  time-resolved  spectrometer  to  control 
the  acceleration  of  the  beam  and  to  precisely  tune  the 
chronometry  of  the  machine.  Finally,  we  measure  the 
emittance  of  the  beam  with  the  Pepper-pot  method  to 
compare  the  value  before  and  after  acceleration.  We  will 
present  also  the  accelerator  update  and  the  experiments 
we  plan  to  do  when  the  64  induction  cells  and  the  32  H.V. 
generators  will  be  installed. 

1  INTRODUCTION 

The  installation  of  the  AIRIX  induction  accelerator  is 
going  on  at  Moronvilliers.  An  experimental  break  has 
been  realized  during  two  months  (december  98, 
january  99)  and  consisted  to  work  with  the  injector  and  16 
induction  cells.  Different  aims  were  expected: 

-  the  validation  of  the  technical  choices  for  the  machine 

-  the  complete  electron  beam  characterization  after  the 
nominal  acceleration. 

-  the  validation  of  the  beam  transport  calculations 

-  the  extrapolation  to  the  AIRIX  performances 

This  campaign  is  still  under  analysis,  but  we  present  here 
the  first  results.  In  a  first  part,  we  expose  the  beam  initial 
characteristics  measurements.  The  high  voltage 
performances  of  the  induction  cells  are  related  in  the 
second  point,  and  we  expose  also  the  associated  energy 
spectrums.  In  the  two  following  paragraphs,  we  present 
respectively,  the  beam  emittance,  and  the  beam  radius 
measurement  for  different  transport  calculations. 


2  INJECTOR  CHARACTERISTICS 

The  complete  electron  beam  characterization  has  been 
made  for  two  running  points  of  the  injector :  (4.0  MeV; 

3.5  kA)  and  (3.6  MeV;  3.0  kA)  [2].  The  time-resolved 
energy  spectrum  [3]  shows  that,  for  a  ±  1  %  energy 
spread,  the  flat  top  duration  is  60  ns  (fig.  1). 


Energy  (keV) 


Figure  1 :  injector  time-resolved  energy  spectrum 

The  emittance  (e)  measurement  has  been  made  with  the 
Pepper-pot  method  [4], 


e  (it  mm  mrad) 

X  axis 

Y  axis 

4.0  MeV 

1150 

1181 

3.6  MeV 

977 

1001 

Table  1 

:  Emittance  val 

ues 

measured  with  the  pepper-pot  method 


We  have  choosen  to  use  the  normalized  geometrical 
emittance.  The  ‘global’  emittance  value,  published  until 
now,  is  higher  because  the  emittance  diagram  is  distorted 
by  the  pepper-pot  focalization  effect  [4], 

The  determination  of  the  beam  initial  parameters  (radius 
Ro  and  envelope  slope  R’o)  is  made  with  the  classical 
three  gradients  method.  The  electron  beam  visualization  is 
made  by  an  intensified  and  gated  camera  observing 
Cerenkov  radiation  obtained  by  the  beam  interaction  with 
a  5  pm  thin  aluminized  mylar  foil. 


3.6  MeV  ! 

4.0  MeV  I 

Axis 

X 

Y 

X 

Y 

Ro  (mm) 

32.4 

33.4 

29.7 

30.04 

R’o  (mrad) 

75.7 

77.5 

70.21 

70.03 

e  (p  mm  mrad) 

1013 

826 

1190 

1025 

f.o.m.  (%) 

2.1 

2.1 

1.94 

1.45 

Tal 

ble  2  :  Beam  initial  parameters 

The  factor  of  merit  (f.o.m.)  evaluates  the  good  adequation 
between  the  calculated  values  of  the  beam  diameter  and 
the  measured  values.  In  a  perfect  case,  (measured  and 
calculated  values  are  identical)  the  f.o.m.  is  zero. 
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We  can  notice,  that  the  emittance  values  obtained  with  the 
two  different  methods  are  very  closed.  More,  in  the  two 
directions,  X  and  Y  axis,  Ro  and  R’0  are  very  closed  too. 
The  beam  seems  to  be  symetrical  along  the  electron  beam 
propagation  axis  (z). 

3 INDUCTION  CELLS 

The  induction  cells  installed  on  the  AIRIX  machine  are 
vacuum  technology  cells  [5].  They  are  powered  by  high 
voltage  generators  (250  kV  per  cell,  2  cells  per  generator). 
The  ferrite  section  has  been  increased  by  9  %,  in 
comparison  with  the  PIVAIR  cells,  in  order  to  delay 
ferrite  saturation  and  decrease  overvoltage  stresses. 

A  high  accuracy  energy  measurement  of  the  accelerated 
beam,  has  been  made  with  the  time-resolved  energy 
spectrometer.  On  the  figure  2  we  can  observe  a  typical 
H.V.  signal  measured  on  the  cells,  and  on  the  figure  3  the 
associated  spectrum. 


Figure  2:  induction  cell  high  voltage  signal 


Energy  (keV) 


Figure  3:  accelerated  beam  energy  spectrum 

The  two  peaks  on  the  cells  high  voltage  signal  are  caused 
by  the  presence  of  the  beam  that  has  a  smaller  duration, 
and  that  procures  a  different  impedance  of  the  cell.  We 
can  see  also  those  picks  because  the  ferrite  material  is  not 
yet  saturated. 

The  first  peak  that  we  can  see  on  the  spectrum  (8020  keV) 
corresponds  to  the  rise  time  of  the  beam  pulse.  At  this 
time,  the  beam  current  is  smaller  than  the  3.5  kA  nominal 
value  and  the  H.V.  seen  by  those  electrons  is  higher  than 
the  250kV  nominal  value  (peaks  on  the  high  voltage 
signal). 

The  presence  of  the  two  peaks  (figure  2),  facilitates  the 
synchronisation  of  the  machine.  More,  it  can  absorb  the 
5  ns  of  the  high  voltage  power  units  jitter. 

The  figure  3  shows  that  the  energy  nominal  value  is 
8  MeV,  and  the  ±  1%  energy  spread  is  preserved  although 
the  shape  has  been  singularly  modified,  compared  to  the 
injector  energy  spectrum  one  (figure  1). 

We  can  act  on  this  shape  by  tuning  the  delay  between  the 
beam  and  the  high  voltage  accelerating  pulse.  In  the  two 
cases  presented  here  (figure  4  and  5)  with  the  spectrum 


and  the  associated  cells  H.V.  signals,  the  difference 
between  the  delays  is  10  ns.  We  observe  that  the  first  rise¬ 
time  peak  can  disappear  completely  (shot  282),  but  the 
two  following  ones  have  too  high  level.  In  opposite,  the 
rise-time  peak  can  be  integrated  to  the  spectrum  and 
makes  it  wider. 


Figure  4:  Cells  H.V.  signal  for  two  shots  with  10  ns 
different  delays  between  the  injector  and  accelerator 
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Figure  5:  Spectrum  associated  to  the  shots  282  and  283 

In  routine,  we  will  work  with  a  symetrical  H.V.  signal,  to 
preserve  the  minimum  energy  spread,  during  the  60  ns 
pulse  width  (figure  2,3). 


4  BEAM  EMITTANCE 

The  normalized  beam  emittance  has  been  measured  with 
the  Pepper-pot  method. 


e  (;t  mm  mrad) 

X  axis 

Y  axis 

8.0  MeV 

1376 

1273 

7.6  MeV 

1330 

1266 

Table  3  :  emittance  measurement  after  4MeV  acceleration 

The  emittance  increase  is  around  200  n  mm  mrad,  and  is 
the  same  as  the  one  measured  on  the  PIVAIR  machine. 


5  ELECTRON  BEAM  TRANSPORT 

To  calculate  the  electron  beam  transport,  we  use  the 
classical  envelop  equation: 


R"  +  k2R-  — -- 


K  = 


21 


R  p2y2  R 
(1  in  kAmps);  k  = 


-  =  0 


ec  B, 


17.045  PY  2P7mc2 

The  ENV  code  [6]  takes  into  account  the  effect  of  the 
ferrite  cores  in  the  calculation  of  the  axial  magnetic  field. 
We  have  improved  several  beam  transport  configurations, 
and  each  time,  we  have  measured  the  beam  diameter  at  the 
exit  of  the  16th  cell. 

In  a  first  case  (figure  6),  we  have  transported  the  7.6  MeV 
(3.6MeV+16*250keV)  electron  beam  on  a  40  mm 
diameter  (400  Gauss  axial  magnetic  field).  In  the  second 
case  (figure  7),  the  beam  has  a  20  mm  diameter  along  the 
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accelerator  (700  Gauss  axial  magnetic  field),  and  final 
energy  is  8  MeV. 
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figure  6:  variation  of  beam  diameter 
with  magnetic  field  on  the  15th  cell 


figure  7:  variation  of  beam  diameter 
with  magnetic  field  on  the  14th  cell 


We  can  distinguish  two  parts  on  those  curves.  In  a  first 
part  (I<1 00 A),  the  electron  beam  is  homogeneous,  and  has 
a  classical  square  profile.  The  correlation  between 
measurements  and  calculus  is  good.  With  those  currents, 
the  beam  has  not  been  focalised  (small  beam-waist)  before 
the  target.  We  will  be  generally  in  that  case  to  transport 
the  beam  throughout  the  machine. 

In  the  second  part  of  the  curves,  the  beam  has  been 
focalized  before  the  target,  and  then  the  difference 
between  the  measured  and  calculated  radius  grows  up  to 
3  mm.  Perhaps  in  that  case  the  envelop  equation  used  is 
not  complete,  or  there  are  2D  effects.  The  beam  profile  is 
not  square  for  those  points.  Different  numerical  and 
analytical  investigations  have  been  initialized  to 
understand  those  differences. 

Nevertheless,  those  results  prove  that  the  electron  beam 
transport  on  the  AIRIX  machine  can  be  calculated  with 
the  ENV  code  that  is  well  predictive  in  most  of  cases. 

We  have  improved  also  the  centering  procedure  to  have  a 
centered  beam  all  along  the  machine.  One  BPM  (Beam 
Position  Monitor)  is  installed  on  each  four  cells  block.  To 
optimize  the  entrance  of  the  beam  in  the  accelerator,  we 
have  installed  another  BPM,  50  cm  before  the  one  placed 
on  the  first  cell.  With  those  two  measurements,  we  can 
obtain  a  centered  beam  with  a  minimum  centroid  slope.  If 
the  centering  procedure  at  the  entrance  of  the  accelerator 
is  made  rigorously,  the  beam  is  centered  in  a  2  mm 
diameter  circle  all  along  the  machine. 

On  the  figure  8,  we  have  reported  the  first  7  BPM 
measurements.  Each  point  per  BPM  corresponds  to  one 
shot,  and  represents  the  mean  value  of  the  beam  centroide 
motion  calculated  during  40  ns  on  the  flat  top  of  the 
current  pulse.  Day  after  day,  the  third  and  the  last  shot  of 
the  day  are  identical  (same  parameters  for  the  machine). 
With  this  method,  we  can  evaluate  the  machine  stability, 


as  shown  on  the  next  figure  where  9  shots,  corresponding 
to  4  days,  are  plotted. 


Schema  of  the  ‘AIRIX  16  cells’  experiment 
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figure  8:  centroid  beam  measurement 

The  space  occupied  by  the  centroid  is  larger  at  the  end  of 
the  machine.  This  is  due  to  the  reliability  of  the  power 
supplies  that  delivers  current  to  the  steering  magnet. 
Modifications  are  under  realization  to  correct  this  defect. 

6  CONCLUSION 

The  ‘’AIRIX  16  cells  experiment”,  has  been  complete 
and  comprises  also  BBU  measurements.  Several 
parametric  variations  in  the  magnetic  field  configuration 
have  been  tested.  The  results  are  now  under  analysis  and 
will  be  published  subsequently. 

At  this  time,  the  32  H.V.  units  are  already  installed  on  the 
machine,  and  36  induction  cells  too.  The  machine  will  be 
complete  next  summer.  The  acceptance  test  will  consist 
essentially  in  the  time-resolved  energy  measurement,  and 
a  reproducibility  of  the  electron  beam  characteristics  test. 
We  plan  to  make  the  first  hydrotest  with  radiographic 
diagnostic  in  december  99. 

REFERENCES 


k* 

■  BPM28  BPMl^ 

Y'  |pm:' 

V 

BPM1  j 

▼ 

^  BPM2A 

f 

BPM  IB 

1  Ph.  Anthouard  et  al.,  “AIRIX  prototype  technological  results  at 
CESTA”,  Proc..  of  PAC  97. 

2  E.  Merle  et  al.,  “Installation  of  the  AIRIX  induction  accelerator”, 
Proc.  ofLINAC97. 

3  D.  Villate  et  al.,  “AIRIX  alignment  and  high  current  electron  beam 
diagnostics”,  Proc  of  PAC  95. 

4  C.  Bonnafond  et  al.  “Optical  and  time-resolved  diagnostics  for  the 
AIRIX  high  current  electron  beam.”,  Proc.  of  DIP  AC  97 

5  Ph.  Anthouard  et  al.,  “AIRIX  and  PIVAIR  accelerator  status”  Proc. 
of  Beams  98. 

6J.  Bardy  -  ENV  “Envelop  electron  bem  transport  code”.  Private 
communication 


3262 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


CELL  DESIGN  AND  TEST  FOR  AN  INDUCTION  LINAC 

Huacen  Wang,  Zhi  Zhang  Kai,  Long  Wen,  Yong  Zou, 

Lai  Qinggu,  Wenwei  Zhang ,  Jianjun  Deng ,  Bonan  Ding, 

Institute  of  Fluid  Physics,  P.O.Box  523,  Chengdu,  610003,  P.R.China 


Abstract 

The  prototype  cell  design  and  test  for  an  induction 
linac  are  presented.  The  two  prototype  cells,  which  are 
expected  to  operate  at  250kV,  are  composed  of  a  ferrite 
core  immersed  in  oil  (MODI)  or  in  vacuum(MODII), 
an  gap  with  curved  stainless  steel  electrodes,  a 
solenoid  magnet  with  two  dipole  coils,  and  finally  a 
insulator  in  MODI.  The  test  results  of  the  cells  are 
introduced. 

I  INTRODUCTION 

An  induction  linac  consists  of  an  injector  and  a  series 
of  induction  cells.  Therefore,  the  final  performance  of 
the  accelerator  strongly  depends  on  the  cell  feature. 
The  Beam  Break-up(BBU)  instability  due  to  the 
interaction  between  beam  and  cells  and  the  corkscrew 
motion  caused  by  misalignment  and  chromatic 
aberration  of  optical  elements  can  also  adversely  effect 
the  beam  quality.  The  crucial  issues  considered  in  the 
cell  design  with  emphasis  on  the  measures  taken  for 
minimizing  the  transverse  impedance  and  beam 
instability  while  optimizing  the  cell  high-voltage  stand¬ 
off  are  introduced  briefly  in  this  paper.  The  test  results 
of  the  prototype  cells  are  given. 

Two  prototype  cells  have  been  developed  and  are 
referred  to  as  MODI  and  MODE  shown  in  Fig.  1 . 


(a)  MODI  (b)  gap  region  of  MOD  II 

Figure  1:  Schematic  of  the  prototype  cells 


2  HIGH-VOLTAGE  DESIGN  AND  TEST 

The  cross  sectional  area.  A,  of  the  induction  cores  is 
determined  by  the  required  voltage ,  U,  pule  duration,  x, 
and  the  magnetic  flux  swing,  AB 

Ut=ABA  (1) 

1 1  home-made  ferrite  toroids  with  237mm  ID,  508mm 
OD,  25.4mm  thick  were  used  in  MODI  while  10 
comer-  radiused  toroids  with  254mm  ID,  508mm  OD, 
25.4mm  thick  used  in  MODI!  to  provide  the 
accelerating  pulse.  The  148mm  cell  bore  is  a 
engineering  compromise  between  the  large  bore 
needed  to  lower  the  transverse  impedance  and  the 
small  bore  required  to  reduce  the  costs  and  to  provide 
enough  space  for  the  solenoid  magnet. 

The  designed  maximum  electric  field  stress  was 
limited  to  190kV/cm  for  Ocrl8Ni9  stainless  steel 
electrodes  that  form  the  accelerating  gap.  The 
electrodes  were  laser  welded  and  grit  blasted  to  ensure 
that  300kV  voltage  pulse  can  be  sustained  by  the  gap. 
The  breakdown  electric  field  of  the  insulator  separating 
the  oil-filled  ferrite  core  from  the  vacuum  portion  of 
the  cell  in  MODI  was  maximized  by  holding  42°  angle 
between  the  insulator  and  the  calculated  electric 
potential  line  and  carefully  treating  the  “triple 
points  ’’(vacuum,  metal,  and  insulator  interfaces).  The 
insulator  was  also  completely  shielded  from  direct 
line-of-sight  with  the  beam  to  prevent  it  charging  and 
UV-induced  breakdown  in  a  way  that  reduces  the 
MODI  transverse  impedance.  The  maximum  electrical 
fields  on  the  electrodes  surface  calculated  by  LWE2D 
and  ELECAF2D  are  1 85kV/cm  (MODI)  and 
189kV/cm  (MODE)  and  70kV/cm  in  the  insulator. 
Each  cell  is  assembled  as  a  ferrite  loaded  transmission 
line  in  favor  of  the  pulse  flattop,  the  impedance,  Rf, 
and  electrical  length,  T,  of  which  are  characterized  by 
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R,  =[(fu»o/*,«o)in/2*]K^M)  »> 

T=l(n,erf/c  (3) 


(a)  252kV  with  flattop74ns,144kV/div,25ns/div 


(b)  300kV  with  flattop70ns,160kV/div,25ns/div 
Figure  2:  MODI  accelerating  voltage  pulses 


(a)  250kV  with  flattop  62ns,84kv/div,20ns/div 
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(b)  300kV  with  flattop  58ns,  85kV/div,  20ns/div 
Figure3:  MOD  II  accelerating  voltage  pulses 


where  l  is  the  length  of  the  ferrite  core.  er ,  jxr  and  £q  , 

are  the  permittivity  and  permeability  of  the  ferrite 
core  and  free  space  respectively,  c  is  the  speed  of  light 
in  vacuum.  R0  ,  Rt  are  the  outer  and  inner  radii  of  the 
ferrite  toroids.  The  auto-reset  circuit  of  the  core  and 
the  conducting  ceramic  resistors  provide  adequate  and 
stabilized  reset  current  for  the  core  and  compensate  the 
fluctuations  in  accelerating  pulse  caused  by  the 
variations  of  cell  impedance  and  beam  current111 
The  accelerating  pulses  measured  are  shown  in  Fig.2,3. 

3  CELL  TRANSVERSE  IMPEDANCE 

The  beam  instability  arising  from  the  high-frequency 
transverse  oscillations  degrades  the  beam  brightness 
and  time-integrated  beam  spot  size  at  the  final  focus  of 
the  accelerator.  Theoretic  analysis  have  shown  that  the 
transverse  impedance  of  the  cells  can  be  reduced  by 
using  insulator  material,  the  dielectric  constant  of 
which  is  near  to  that  of  oil  used  in  MODI,  placing  the 
insulator  close  to  the  cell  bore,  slanting  the  insulator  at 
approximately  the  Brewster  angle  to  enhance  the  rf 
waves  to  the  ferrite,  exposing  the  ferrite  to  the  cell  to 
absorb  the  rf  waves  ,  putting  a  piece  of  ferrite  at  the 
cell  comer  to  damp  the  cell  modes.  The  curved  gap  in 
MODI  was  designed  to  form  a  section  of  coaxial 
transmission  line  inserted  between  the  cell  structure 
and  the  accelerating  region  to  cut  off  the  cell  TM110 
mode121,  thereforeto  reduce  the  transverse  impedance  of 
this  mode.  To  further  lower  the  transverse  impedance  , 
a  conducting  ceramic  ring  is  being  fabricated  to  replace 
the  nylon  insulator. 

The  cell  transverse  impedance  measured  by 
biwire  method131  are  shown  in  Fig.  4.  It  shows  that  the 
transverse  impedance  corresponding  to  TM110  in 
MODI  is  lower  than  that  in  MODII.  The  value  shown 
in  Fig.  4.  will  be  reduced  by  about  20%  at  operation, 
because  of  the  core  bias. 

4  ALIGNMENT 

The  chromatic  aberration  of  the  focusing  elements  and 
misalignmentof  the  accelerator  may  result  in  transverse 
oscillation  of  the  beam  centroid  referred  to  as 
corkscrew  motion.  Special  care  was  taken  in  the  cell 
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design  and  fabrication  to  control  the  mechanical 


»(hd  km* 
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x  3S0M  y  2*3 

(a)  MOD  I 


Figure  4:  The  cell  transverse  impedance 


( b )  tilt  and  offset 

Figure  5:  Signals  of  magnetic  tilt  and  offset 

tolerance.  The  magnet  are  positioned  with  respect  to 
the  bore  to  ensure  that  the  magnetic  alignment  is  as 
good  as  mechanical.  The  quadrufilar  windings,  the  iron 


field-smoothing  ring,  and  the  corrective  coils  are  used 
to  improve  the  magnetic  alignment. 

The  pulsed  taut-wire(4]  measurements  show  the 
offset  and  tilt  of  the  magnetic  axis  from  the  mechanical 
axis  are  0.2mm  and  1  .Omrad  respectively(Fig.  5). 

5  CONCLUSION 

Both  of  the  two  prototype  cells  exhibited  good 
properties  for  constructing  electron-beam  induction 
linac.  Compared  to  MODII,  the  MODI  is  even  better. 
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PRODUCTION  OF  ULTRA-SHORT,  HIGH  CHARGE,  LOW  EMITTANCE 
ELECTRON  BUNCHES  USING  A  1  GV/M  DC  GUN. 

M.J.  de  Loos.  S.B,  van  der  Geer,  Pulsar  Physics 
J.I.M.  Botman,  O.J.  Luiten,  M.J.  van  der  Wiel,  TU-Eindhoven 


Abstract 

Advanced  acceleration  schemes,  for  example  those  based 
on  wake  fields  of  laser  pulses  traveling  through  plasma, 
require  the  injection  of  very  high  quality  relativistic 
femtosecond  electron  bunches.  Such  bunches  can  be 
produced  by  a  photoexcited  RF  gun  followed  by 
longitudinal  bunch  compression.  Currently  we  are 
investigating  a  different  pre-acceleration  scheme,  which 
avoids  the  necessity  of  magnetic  compression  and  the 
associated  potential  emittance  growth  due  to  coherent 
synchrotron  radiation. 

Instead  of  an  RF  cavity,  we  propose  1  GV/m  DC 
acceleration  of  laser  excited  electrons  across  a  2  mm  gap, 
following  recent  developments  at  Brookhaven  Nat.  Lab. 
[1].  The  gun  is  powered  by  a  2  MV,  1  ns  pulse. 
Simulation  results  using  the  General  Particle  Tracer 
(GPT)  code  show  that  with  the  DC  gun  scheme  a  100  pC 
bunch  can  be  accelerated  to  2  MeV  with  a  final  bunch 
length  of  70  fs  and  an  emittance  well  below  1  n  mm  mrad. 

1  INTRODUCTION 

At  the  Eindhoven  University  of  Technology  a  new  project 
has  been  started  with  the  goal  to  do  experiments  with 
coherent  transition  radiation  and  plasma  acceleration.  For 
these  experiments  a  new  electron  gun  with  very  strict 
requirements  is  being  designed.  The  design  goals  are  a 
bunch  charge  of  100  pC  with  a  bunch  length  of  100  fs. 
Furthermore  an  emittance  below  1  n  mm  mrad  and  an 
energy  of  10  MeV  is  required. 

To  meet  these  requirements  two  possible  routes  can  be 
followed.  The  first  is  to  use  an  RF  photoinjector  and 
perform  bunch  compression.  The  problem  with  this 
method  is  that  bunch  compression  systems  based  on  for 
example  chicanes  cause  the  emission  of  coherent 
synchrotron  radiation  and  this  has  undesirable  effects  on 
the  bunch  length  and  energy  spread.  At  this  point  it  is  not 
clear  whether  the  listed  requirements  can  be  met  using  this 
method. 

An  alternative  method  is  to  eliminate  the  bunch 
compressor  by  generating  a  short  bunch  and  keeping  it 
short.  Initial  simulations  show  that  for  this  method  an 
acceleration  field  of  at  least  500  MV/m  is  required  until 
the  beam  is  relativistic.  Lower  acceleration  gradients 
produce  longer  bunches.  Such  fields  can  be  achieved  by 
means  of  a  pulsed  power  supply,  producing  a  DC  voltage 
of  2  MV  during  1  ns.  A  power  supply  of  these 


specifications  is  presently  being  developed  for  this  project 
at  the  Efremov  Institute,  St.  Petersburg.  When  this  pulse  is 
applied  across  a  diode  with  a  gap  of  2  mm  a  1  GV/m  field 
is  achieved.  Fields  of  this  magnitude  can  be  maintained 
without  breakdown  for  the  duration  of  1  ns  [1],  The 
drawback  of  this  method  is  that  a  second  acceleration 
stage  is  needed  to  increase  the  beam  energy  from  2  MeV 
to  10  MeV. 

From  the  simulation  results  the  method  based  on  the 
diode  followed  by  an  RF  booster  looks  very  promising. 
Therefore  we  have  chosen  to  follow  this  path.  In  this 
paper  we  will  present  the  simulation  results  for  the  diode 
and  give  a  brief  description  of  the  used  simulation 
package. 

2  THE  DIODE  SET-UP 

The  diode  set-up  consists  of  a  hollow  spherical  copper 
cathode  and  a  flat  anode  with  a  circular  aperture, 
schematically  shown  in  Figure  1 .  The  field  in  the  diode  is 
produced  by  a  power  supply  generating  a  pulse  of  2- 
2.5  MV  during  1  ns.  When  this  negative  pulse  is  applied 
across  the  gap,  acceleration  fields  of  1  GV/m  are 
attainable.  Because  of  the  extremely  high  gradient  and 
because  no  additional  focusing  is  needed,  this  device 
could  be  much  better  suited  for  ultra-short  bunch 
generation  than  a  conventional  photo-cathode. 

Cathode  Anode 


2  MV 


Figure  1:  Schematic  of  the  diode  (not  to  scale). 

The  cathode  is  curved  to  produce  a  transverse  focusing 
field,  thus  eliminating  the  need  for  external  focusing.  The 
opening  in  the  anode  is  kept  as  small  as  possible  to 
prevent  the  field  from  leaking  out  of  the  gun  and  thereby 
lowering  the  acceleration  gradient.  The  set-up  parameters 
are  listed  in  Table  A. 

The  laser  used  to  photoexcite  electrons  on  the  cathode 
surface  is  injected  on-axis  and  limited  in  radial  size  by  the 
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anode  aperture.  The  very  high  electric  field  in  the  diode 
results  in  a  considerable  lowering  of  the  surface  work 
function  due  to  the  Schottky  effect.  This  means  that  the 
pulses  from  the  Ti:Sapphire  laser,  operating  at  810  nm, 
will  only  need  to  be  frequency-doubled  to  extract 
electrons  from  the  copper  surface  by  single  photon 
emission.  The  minimum  pulse  length  of  the  laser  we  plan 
to  use  for  the  experiments  is  50  fs  FWHM  for  a  gaussian 
temporal  profile. 


Table  A:  Set-up  parameters. 


Parameter 

Value 

Input  voltage 

2  MV 

Electric  field 

lGV/m 

Cathode  curvature  radius 

2.0  mm 

Cathode  aperture  radius 

0.5  mm 

Gap  length 

2.0  mm 

Anode  length 

1.5  mm 

Anode  aperture  radius 

0.25  mm 

Laser  radius 

0.25  mm 

Initial  emittance 

0.12  n  mm  mrad 

Bunch  charge 

100  pC 

Laser  pulse  length 

50  fs  FWHM 

3  THE  GENERAL  PARTICLE  TRACER 

The  simulations  for  the  design  of  the  diode  were 
performed  using  the  General  Particle  Tracer  (GPT) 
simulation  package  [2,3].  GPT  is  a  3D  particle  tracking 
code  developed  for  the  design  of  accelerators  and  beam 
lines.  The  differential  equations  for  the  particle 
trajectories  are  solved  using  a  fifth  order  embedded 
Runge-Kutta  method.  GPT  includes  many  standard 
elements  representing  beam  line  components  and  custom 
elements  can  easily  be  added  by  the  user.  It  also 
incorporates  a  number  of  different  space-charge  models. 
Furthermore  it  includes  a  Windows  95/NT  user  interface 
complete  with  data  analysis  and  graphics.  The  code  is 
written  in  C/C++  and  UNIX  versions  are  also  available. 
For  the  simulations  presented  in  this  paper,  GPT  was  used 
in  combination  with  the  POISSON  [4]  set  of  codes  to 
import  the  electric  field-map  of  the  diode. 

3.1  2D  space-charge  model 

For  the  diode  simulations  GPT’s  2D  space-charge  model 
was  used,  instead  of  the  standard  3D  point-to-point  model. 
The  2D  space-charge  model  can  be  used  to  calculate  the 
effect  of  self-fields  in  axially  symmetric  beams  by 
representing  every  particle  as  a  homogeneously  charged 
circle.  Because  every  particle  represents  a  complete  ring, 
the  amount  of  particles  needed  to  obtain  correct  statistics 
is  less  than  in  3D  point-to-point  calculations. 

The  equations  for  a  homogeneously  charged  circle  with 
radius  R  and  charge  Q  in  its  rest  frame  are  given  by  [5]: 


47C2e0r^d2  +4  Rr 

E,  QzE(a) 

27V2  e0r-Jd2  +  4Rr 

where  d2  =(R-r)2  +  z2 ,  a  =  4Rr/(d2  +4Rr)  and  K and 
E  are  elliptic  integrals.  Transforming  this  field  back  to  the 
lab  frame  and  adding  the  contributions  of  all  particles  j 
yields: 

^  =  B^'Z-rAjE’Jc 

E>=ZrjE\.j  By=Z+rAjE\j/c 

j*i  j*i 

Ez=ZE',j  Bz=0 

j*‘ 

This  cylindrical  symmetric  space-charge  model  is  fully 
relativistic  and  has  a  fast  convergence.  However  there  is  a 
small  error  in  the  transverse  electric  field  near  the  axis  due 
to  the  finite  number  of  rings  included  in  the  simulation. 
This  is  due  to  the  neglect  of  the  self-field  within  a  ring. 


K{a)~ 


R2  -r2  +  z2 


E(cc) 


4  SIMULATION  RESULTS 

The  diode  is  modeled  using  an  electrostatic  2D  field-map 
imported  into  GPT  to  calculate  the  particle  trajectories. 
The  particles  are  emitted  from  the  cathode  with  a  radius  of 
0.25  mm  and  an  initial  emittance  of  0.12  jt  mm  mrad.  In 
the  simulation  the  particles  are  emitted  in  time:  Particles 
are  added  as  they  emerge  from  the  cathode.  The 
simulations  were  carried  out  to  determine  the  beam 
characteristics  using  the  pulsed  diode  and  to  optimize  the 
geometry. 
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Figure  2:  Particle  trajectories  in  the  diode  and  the 
evolution  of  the  bunch-length  and  emittance.  The  beam  is 
clipped  slightly  by  the  anode. 
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Figure  2  shows  the  beam  behavior  in  the  diode.  It  can 
be  seen  that  the  flow  is  laminar,  but  6%  of  the  bunch  is 
clipped  at  the  anode.  Emittance  growth  mainly  occurs  in 
the  first  500  pm,  when  the  beam  energy  is  less  than 
0.5  MeV.  The  exit  emittance  is  determined  by  the  space- 
charge  forces  and  the  normalized  transverse  emittance  at 
the  anode  is  0.85  n  mm  mrad  with  a  RMS  bunch  length  of 
70  fs.  These  values  meet  the  set  criteria,  but  they  have  to 
be  maintained  in  the  second  accelerator. 

The  curved  cathode  produces  a  waist  in  the  beam, 
thereby  eliminating  the  need  for  external  focusing.  The 
radius  of  the  curvature  has  been  optimized.  A  small 
curvature  radius  increases  the  bunch-length  and  the 
emittance,  while  a  large  radius  causes  clipping  of  the 
beam  at  the  anode.  We  have  chosen  to  use  a  cathode 
curvature  radius  of  2  mm  because  this  greatly  improves 
the  beam  qualities  for  a  beam  loss  of  only  6%. 

The  initial  beam  radius  has  a  significant  effect  on  the 
bunch  length  and  emittance.  A  small  radius  causes  beam 
loss  in  the  anode  because  the  beam  blows  up  due  to  space- 
charge,  while  a  large  initial  radius  increases  the  bunch 
length  and  emittance. 

4.1  Radial  laser  profile 

The  previous  GPT  simulations  are  performed  with  a 
uniform  radial  laser  intensity  function.  According  to 
Serafini  [6]  the  best  emittance  results  are  obtained  by 
clipping  a  laser  beam  with  a  gaussian  radial  intensity 
distribution  at  a  radius  specified  by: 

R  =  V?  <*r  “  0  8  °r 

where  or  is  the  RMS  radius  of  the  gaussian  distribution. 
To  investigate  the  effect  of  a  different  radial  laser  profile, 
we  varied  the  cut-off  distance,  relative  to  sigma,  of  a 
gaussian  intensity  profile  while  keeping  the  initial  beam 
radius  constant  at  R= 0.25  mm.  The  transverse  emittance 
has  an  optimum  when  the  laser  is  truncated  at  a=R,  as 
shown  in  Figure  3.  The  emittance  is  improved  by  10%. 


Figure  3:  Transverse  emittance  as  function  of  cut-off 
distance  of  a  truncated  gaussian  radial  laser  intensity 
profile.  The  beam  profile  is  varied  from  uniform  (left)  to 
almost  a  full  gaussian  (right). 


4.2  Bunch  charge 

To  better  understand  the  beam  dynamics  in  the  diode,  the 
effect  of  the  charge  in  the  bunch  has  been  investigated.  As 
shown  in  Figure  4,  the  bunch  length  grows  linearly  with 
the  initial  charge,  with  an  offset  of  the  laser  pulse  length. 
A  high  initial  charge  in  the  bunch  increases  the  beam  loss 
due  to  clipping  at  the  anode  aperture.  The  emittance  at  the 
exit  of  the  diode  grows  with  the  bunch  charge  exiting  the 
anode. 


Figure  4:  Effect  of  the  initial  bunch  charge  on  the  bunch 
length  and  emittance  at  the  anode  exit. 


5  CONCLUSION 

The  beam  parameters  at  the  exit  of  the  diode  are  very 
promising.  We  have  obtained,  in  simulations,  a  bunch  of 
94  pC  with  a  bunch  length  of  70  fs.  The  transverse 
emittance  is  0.85  n  mm  mrad  for  a  beam  of  2  MeV. 
Currently  we  are  designing  an  RF  booster  capable  of 
maintaining  these  characteristics. 
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LIMITS  OF  PLASMA  FOCUSING  OF  HIGH  CURRENT  ELECTRON 

BEAMS 

S.  Adamenko,  E.  Bulvak  *,  V.  Stratienko,  N.  Tolmachev  Ukraine 


Abstract 

Limits  of  the  electron  beam  density  in  the  focus  are  eval¬ 
uated.  As  it  shown,  the  maximal  beam  density  is  achiev¬ 
able  in  the  relativistic  vacuum  diode  with  the  needle  anode. 
In  such  a  device,  the  initial  emittance  of  a  beam  is  rather 
small.  The  electron  beam  gains  emittance  while  being  fo¬ 
cused  with  positive  ions  into  the  anode  due  to  collisions 
with  the  ions.  Based  on  the  paraxial  beam  model,  the  beam 
density  in  the  focus  is  estimated.  As  is  shown,  the  lowest 
limit  of  focus  length  is  proportional  to  square  root  from  ra¬ 
tio  of  die  beam  particle  energy  to  the  initial  beam  density. 
The  maximal  coefficient  of  the  beam  initial  density  multi¬ 
plication  in  the  focus  is  proportional  to  the  initial  transverse 
dimension  of  the  beam  and  square  root  from  the  beam  cur¬ 
rent. 


Here  U  is  a  potential  for  the  radial  force  acting  on  the 
beam  electrons;  pv  =  tp'yr2  is  the  canonical  momentum 
conjugated  to  the  coordinate  tp. 

2. 1  Focusing  of  a  laminar  collisionless  beam 

Let  pv  =  0  in  (1)  and  consider  the  trajectory  of  a  particle 
at  the  beam  bound. 

Potential  for  the  radial  force  of  the  completely  neutral¬ 
ized  beam  with  the  initial  radius  a  based  on  the  fact  that  the 
repulsive  force  ~  (1  —  /3)  whereas  the  attractive  ~  —1,  is 
[1]: 


U(r)  =  - 


e2Nbf32 

27re0 


2isrnc2(j2  —  1) 
72 


1  INTRODUCTION 

The  report  is  aimed  at  estimation  of  the  limiting  parameters 
for  the  beams  undergo  plasma  focusing  on  the  needle-like 
anode. 

We  study  the  beam  dynamics  in  the  inter-electrode  gap 
where  there  is  no  acceleration  voltage.  Therefore,  the  beam 
particle  motion  is  considered  as  uniform,  without  accelera¬ 
tion. 

2  MODEL  SET-UP 

Let  us  consider  the  laminar  cylindrical  beam  of  electrons 
with  relativistic  factor  7  and  longitudinal  density  Nb  en¬ 
tering  a  system  filled  with  plasma  of  the  density  sufficient 
to  neutralize  the  beam  space  charge.  The  beam  is  focused 
with  the  space  charge  of  plasma  ions.  For  the  ideal  case, 
the  focus  spot  is  of  the  zero  size.  Accounting  for  the  pair 
electron-ion  collisions  leads  to  heating  of  the  beam.  As  a 
result,  the  beam  phase  space  is  increased  yielding  increas¬ 
ing  the  spot  size  in  the  focus.  Our  goal  is  to  estimate  the 
maximal  beam  density  which  can  be  reached  in  the  system 
under  consideration. 

Kinetics  of  the  axially  symmetrical  beam  with  the  trans¬ 
verse  distributing  function  f{r,pr',pv,t)  can  be  described 
as 

Of  Pr  dj_  njj_  (j^_  _  du\  df  =  0 

dt  m  dr  mr 2  dtp  ymr3  dr  J  dr 

0) 
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where  v  =  Nbro  is  the  Budker  parameter  equal  to  produc¬ 
tion  of  the  longitudinal  density  Nb  by  the  electron  classical 
radius  r0.  It  is  worth  to  emphasize  that  at  v  —  7  the  beam 
current  is  equal  to  the  Alfven  limit  current. 

As  is  seen  from  (2),  the  transverse  potential  is  indepen¬ 
dent  on  time,  hence  the  corresponding  hamiltonian  is  an 
invariant  of  motion: 

p2 

H  =  -p-  +  U(r )  =  const  .  (3) 

27m 

Here  we  take  the  transverse  motion  being  nonrelativis- 
tic,  and  the  longitudinal  velocity  being  constant.  After  the 
simple  derivations  we  arrive  at  the  implicit  expression  for 
the  beam  envelope: 

S=l\[^ETf 
2  V  nbr0 

Here  s  is  the  longitudinal  coordinate  (along  the  z-axis); 
nb  is  the  initial  beam  density  (at  the  system  front  end);  Erf 
is  the  error  function.  The  focus  length  can  be  derived  from 

(5): 


We  should  emphasize  the  fundamental  feature  of  the  ex¬ 
pression  for  the  shortest  possible  focus  length  —  this  length 
is  proportional  to  the  initial  beam  radius  and  square  root 
from  the  ration  of  the  particle  energy  to  the  Budker  param¬ 
eter  of  the  beam. 


V 


-21og- 


(4) 
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3  BEAM  HEATING  BY  THE 
SHORT-RANGE  COLLISIONS 


As  is  yielded  from  the  previous  section,  the  fully  neutral¬ 
ized  beam  shrinks  into  a  point  (its  density  is  risen  to  infin¬ 
ity). 

Effect,  preventing  the  beam  density  reach  infinity  at  full 
neutralization,  is  the  multiple  scattering  of  electrons  on  the 
focusing  ions.  As  a  result,  the  initially  cold  beam  pos¬ 
sesses  definite  transverse  temperature  that  yields  a  finite 
beam  density  in  the  focus  spot. 

As  the  radial  velocity  of  particles  near  the  spot  is  much 
exceeded  that  due  to  the  radial  temperature,  we  neglect 
this  impartment  and  limit  our  consideration  just  to  the  tan¬ 
gential  (spinning)  partial  temperature.  This  temperature 
causes  the  centrifugal  repulsive  force,  Fr  =  7 mv2 /r  act¬ 
ing  against  the  focusing  force. 

For  a  collision  with  an  ion,  electron’s  squared  transverse 
momentum  is  increased  by: 


(A  pi  +  A p2)  = 


8  (r0m0c)2)  a  8  (r0m0c)2) 

- r - In  —  = - x - A  . 

a2  rm  a2 

(6) 


The  speed  of  the  momentum  growth  is 

=  <7) 

'  a2c 

As  the  both  transverse  degrees  of  freedom  are  indepen¬ 
dent  each  other,  then 

A  Pi  =  7,  Ap2 

Dependence  of  the  tangential  momentum  on  time  is 


Pl(t)  = 


4i/ro(mc2)2 P  fl  A (a)dt' 

c  Jo  a2(t') 


(8) 


Equation  for  the  RMS  beam  envelope  expressed  in  di¬ 
mensionless  variables  could  be  written  as: 


2v  2r0A7  dC 

dC2  PI  (72  -  IK  Jo  P2( 0 


(9) 


where  the  space  variables:  the  beam  radius  p  and  longitu¬ 
dinal  coordinate  (  are  related  to  the  initial  beam  radius  ra: 


Analysis  of  the  integro-differential  equation  (9)  is  rather 
complicated,  nevertheless  a  few  general  results  are  obtain¬ 
able.  As  far  as  the  equation  contains  the  only  longitudinal 
beam  density  v,  energy  of  particles  7,  and  initial  beam  ra¬ 
dius  ra  as  parameters,  all  the  features  of  focusing  are  only 
dependent  on  them.  Then,  a  term  at  the  integral  in  (9)  com¬ 
prises  a  small  parameter  —  ratio  of  the  classical  radius  of 
electron  ro  to  the  initial  beam  radius  ra  (ro /ra  <C  1)  which 
manifests  smallness  of  the  repulsive  force. 


Estimation  for  the  maximal  beam  density  could  be  de¬ 
rived  under  assumption  that  the  limit  of  focusing  is  reached 
if  the  focusing  force  is  neutralized  with  the  centrifugal  one: 


2r0A7  fc  d< 

(72  -  IK  Jo  P2(C ')  ‘ 


Putting  roughly  p(()  «  pm,  we  get  the  estimated  mini¬ 
mal  squared  beam  radius  (the  reversed  magnitude,  p~2  pro¬ 
duces  the  multiplication  factor  for  the  initial  beam  density): 


Pm  = 


roA'j  j  7T7 
(72  _  iya  Y  v 


(11) 


As  it  is  yielded,  the  obtained  estimated  beam  radius  is  in 
good  excess  of  the  classical  electron  radius. 


4  RESULTS  AND  SUMMARY 

Estimation  of  the  limit  focusing  for  the  initially  parallel 
probe  beam  with  current  7=10  kA,  energy  E  =  1  MeV 
(7  ss  3),  and  initial  radius  rtt  =  50mkm  yields:  the  focus¬ 
ing  length  is  Sf  =  95mkm 
the  maximal  possible  beam  density  is 

=  /3/2( 72  -  „1)1/4.1  36  x  10n  _  3.57  x  1021  A/m2 
ra 

(the  minimal  radius  is  8.4  x  10-15  m  «  30  r0). 

Thus,  the  results  of  study  the  idealized  model  are  physi¬ 
cally  reasonable.  The  esteems  have  to  be  considered  as  the 
ideal,  ever  achievable  parameters.  Any  deviation  from  the 
ideal  conditions,  such  as  under  neutralization  of  the  beam 
space  charge,  or  extra  density  of  ions  (then  capturing  elec¬ 
trons),  etc.,  gives  rise  to  the  focus  spot  area. 
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EFFECT  OF  AUTO-FOCUSING  OF  THE  ELECTRON  BEAM  IN  THE 

RELATIVISTIC  VACUUM  DIODE 

S.  Adamenko,  E.  Bulvak  *,  V.  Stratienko,  N.  Tolmachev,  Ukraine 


Abstract 

A  hypothesis  of  the  beam  auto-focusing  in  the  relativistic 
vacuum  diode  with  a  needle  anode  is  proposed.  A  phys¬ 
ical  model  of  the  effect  is  elaborated.  As  is  shown,  auto 
-focusing  of  high  current  beam  can  be  caused  by  ions  emit¬ 
ting  from  the  anode.  Initial  (pre  focusing)  stage  of  focusing 
is  provided  with  ionization  of  the  gas  molecules  absorbed 
in  the  anode  surface.  Then  (at  quasi-steady  stage),  the  fo¬ 
cusing  is  driven  by  the  metal  ions  being  evaporated  from 
the  anode  heated  by  the  beam.  Simulation  of  the  process 
shown  the  duration  of  initial  pre  focusing  stage  would  be 
within  0. 1-0.2  nsec. 

1  INTRODUCTION 

Experiments  on  electrical  discharge  in  the  relativistic  vac¬ 
uum  diode  with  a  needle  anode  yielded  strong  focusing 
of  the  electron  beam  in  the  anode.  Such  a  device  has 
some  micrometers  radius  of  the  anode  and  a  few  millime¬ 
ters  the  cathode-anode  gap.  After  applying  1  MV  pulse 
of  nanosecond  duration,  a  tiny  hole  along  the  anode  axis 
was  appeared  [1].  It  is  obvious  that  beam  focusing  into 
a  small  fraction  of  the  anode  surface  for  a  relatively  long 
time  could  be  possible  if  a  feedback  presents.  The  paper 
aimed  at  physical  ground  of  the  phenomenon  called  the 
beam  self-focusing. 


Figure  1 :  Anode  half  of  the  relativistic  diode 


Let  us  consider  the  anode  surface  being  covered  with  a 
thin  layer  of  neutral  atoms  (molecules).  Also,  suppose  the 
density  of  the  layer  dependent  on  the  density  of  the  beam 
hitting  upon  this  layer.  The  equation  of  the  neutrals  balance 
can  be  read  as 

=  -Ai/0  +  Kl)b(t),  (1) 

where  u0  is  the  surface  density  of  the  ‘vapor’;  vb  =  m,(t)l3c 
is  the  density  of  electron  flux  onto  the  anode;  /3c  is  the 
velocity  of  electrons;  A  is  the  coefficient  of  ‘condensation’ ; 
k  is  ‘the  conversion  factor’  (number  of  neutrals  produced 
by  an  electron  hitting  the  anode). 

A  solution  to  (1)  with  the  initial  condition  vq  =  i/(0)  at 
t  =  0  has  the  form: 


2  MODEL 

It  is  physically  reasonable  that  focusing  of  the  moderately 
relativistic  beam  into  a  small  crossover  requires  a  short- 
focus  lens  to  be  placed  at  the  anode.  This  lens  might  be  pro¬ 
vided  with  axially  symmetrical  cloud  of  positively  charged 
ions. 

Presence  the  ions  themselves  is  not  sufficient  for  the  en¬ 
tire  current  pulse  to  be  focused.  The  matter  is  that  the  time 
interval  for  which  an  electron  crossed  the  cathode-anode 
gap  sufficiently  (by  3-4  orders  of  magnitude)  shorter  than 
the  pulse  duration. 

Therefore,  during  a  pulse  the  beam  parameters  such  as 
current,  energy  of  electrons,  density  of  ions  undergo  vari¬ 
ations.  Due  to  these  variations  the  focus  spot  is  deviated. 
Thus,  explanation  of  the  self-focusing  is  required  presence 
of  the  feed-back  —  the  ion  density  must  be  bounded  to  the 
spot  size. 
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Vo  (f) 


exp(— At)  +  /3 c~ 

rtX 

x  /  n\,(rj A)  exp (r) dr  , 

Jo 

lim  u0(t)  =  n6/3cY  - 

t— >oo  A 


(2) 

(3) 


The  ions  produced  from  ionization  of  the  neutrals  in  the 
layer  are  accelerated  in  the  near-to-anode  space  up  to  ve¬ 
locity  Vi.  Density  of  the  ions  beyond  the  accelerating  space 
is  satisfied  to  the  discontinuity  equation: 

^  +  div  (Vitii )  =  0.  (4) 

For  the  case  of  spherical  geometry  we  have: 

rn(r,t)  =  (y)  rii(ra,t'),  (5) 
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where 


If  ni(ra)  n*,  then  we  have 


ni(ra,t ) 


nb{t)j3ccri  k 


(6) 


Oi  is  the  ionization  cross  section. 

The  ion  cloud  around  the  anode  produces  the  electro¬ 
static  potential 


$(r,f)  =  + 


rc{r  -  ra) 


r(rc  -  ra) 

[*e-$a  +  9{re,t)]-9(r,t);  (7) 

T  (  era  r  ^ r ' 

9{r,t)  =  -f  / 

^0  J ra  T 

xLn,{r-,-r~wL)ir"- 


Here  e  is  the  electron  charge.  is  the  voltage  of  the 
anode  and  cathode,  respectively. 

For  the  time-independent  ion  cloud  density  in  the  near- 
to-anode  layer,  rii(ra,t)  =  const  =  rii(ra). 


*(r) 


em(ra)rl 

eo 


(8) 


p(z)  =  p0^cos(s^);  (11) 

2  _  A-Kr0rl^ni{Ta)  _  T 
s  -  72  _  l  -  V'a 

As  it  yields  from  (1 1),  at  the  specific  density  of  ions  n\ 
for  the  given  system  geometry,  the  whole  beam  is  focused 
into  the  anode  (r)  =  1): 


2f  =  7r^(72  +  j) 

*  16r^7r0 


(12) 


The  beam  current  providing  the  spot  not  exceeding  the 
anode  transverse  dimension,  spans  the  interval: 


the  magnitude  of  current  is  proportional  to  ( zs/ra )2,  while 
the  relative  width 


AJ  _  4r„ 
I  nb 


Let  consider  the  cylindrical  parallel  electron  with  the  ra¬ 
dius  b  and  density  nb(p)  enters  the  system  at  the  velocity 
Pc.  Being  focused  by  the  positive  ions  that  left  the  spheri¬ 
cal  cathode  with  the  velocity  Vi,  the  77  fraction  of  the  beam 
hits  the  anode  and  produces  new  ions  from  the  near-to- 
anode  neutrals  (density  of  neutrals  is  vo).  Also  consider  the 
steady-state  and  neglect  the  self-beam  space  charge  that 
can  change  the  only  quantitative  (not  qualitative)  features 
of  the  process  [2],  we  come  to  the  potential  of  the  form: 


$(r)  =  const  +  \K(r)  = 
eni(ra)rl 


const 


eo 


const  + 


2^  to 
£0  ra 


(9) 


where  r0  is  the  classical  electron  radius. 

In  the  cylindrical  geometry  (r2  =  p2  +  (z  —  zs)2),  an 
equation  describing  the  beam  envelope  reads  as: 


y  =  p/ra  ;  x  =  z/ra  . 


0;  (10) 


fo 


4tt  ni(ra)rl 

7/32 


A  solution  to  this  equation  depends  on  the  density  of  ions 


n,-  = 


72  +  l 
167rrora7 


In  other  words,  for  bigger  demultiplication  (ratio  of  the 
initial  beam  radius  to  that  at  the  anode)  the  focusing  takes 
place  within  the  narrower  interval  of  the  beam  current. 

3  SIMULATION  OF  THE  TRANSITING 
STAGE 

The  consideration  presented  above  indicates  that  under  the 
certain  conditions  (presence  of  neutral  atoms  in  the  anode 
surface)  the  steady  beam  focusing  into  the  anode  can  be 
achieved.  Another  necessary  condition  is  ‘attraction’  of  the 
beam  to  the  focused  state:  the  system  shall  transit  itself  into 
the  stable  focused  state. 

The  computer  code  has  been  written  to  simulate  evolu¬ 
tion  in  time  of  the  envelope  of  initially  parallel  beam.  The 
code  inherits  the  potential  (7)  and  the  source  of  neutrals  (2). 
The  species  of  neutral  atoms  can  cover  either  all  the  anode 
semisphere  or  a  near-to-axis  circle.  Variations  in  time  in 
the  ion  density  are  self-consistent,  according  to  (6). 

Results  of  simulation  of  the  transition  regime  show  out 
that  capturing  the  beam  into  the  focused  state  requires 
the  neutral  atoms  of  constant  (in  time)  density  or  the 
‘evaporation-condensation’  eqiullibrium  to  be  presented  in 
the  anode  surface.  Latter  produces  capturing  in  less  time, 
besides  the  focal  area  being  smaller.  In  any  case  for  the 
transition  into  focused  state,  it  is  necessary  the  neutrals  to 
cover  the  anode  surface.  ‘Condensing’  means  that  these 
neutrals  decrease  in  number  due  to  ionization. 

The  sample  of  the  beam  radius  evolution  is  presented  in 
Fig  2.  Also  it  was  found  duration  of  the  transition  depends 
on  the  density  of  absorbed  neutrals. 
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time,  see 

Figure  2:  The  beam  radius  evolution 

4  SUMMARY 

The  study  proves  the  hypothesis  of  the  beam  self-focusing 
with  ions  produced  from  the  anode  ’vapor’.  At  first 
warming-up  stage,  the  neutrals  absorbed  in  the  anode  are 
involved.  After,  the  self-stabilizing  mechanism  of  focusing 
due  to  evaporation  of  the  neutrals  from  the  anode  is  driven. 

The  width  of  the  interval  of  current  where  the  entire 
beam  comes  into  the  anode  head  surface,  is  proportional 
to  ratio  of  the  anode  radius  to  the  initial  radius  of  the  beam. 
The  beam  space  charge  will  shift  the  focused  beam  current 
to  larger  values.  Also  it  was  shown  that  the  only  overfo¬ 
cused  state  can  be  equilibrium.  The  time  required  to  reach 
the  steady  state  can  be  less  than  a  nanosecond.  The  re¬ 
sults  of  the  numerical  simulation  are  in  qualitative  agree¬ 
ment  with  the  experimental  data:  the  self-focusing  of  the 
beam  with  energy  of  particles  0.5-1  MeV  and  current  of  a 
few  kA  can  be  produced  at  the  distance  of  a  few  millimeters 
for  less  than  a  nanosecond. 
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Abstract 

We  recently  proposed  a  new  analytical  model  that  incorpor¬ 
ates  the  dispersion  function  into  the  framework  of  the  rms 
envelope  equations.  Here  we  show  how  it  can  be  used  to 
achieve  proper  matching  of  space  charge  dominated  beams . 
Comparison  is  done  against  a  PIC  code  (WARP)  simula¬ 
tions. 


I  INTRODUCTION 

Understanding  the  combined  effect  of  space  charge  and  an 
energy  spread  in  a  circular  lattice  and  more  specifically, 
inclusion  of  space  charge  forces  in  the  calculation  of  the 
dispersion  function  has  been  the  subject  of  a  number  of  pa¬ 
pers  over  the  last  few  years  [1  —  6]  The  surge  of  interest  has 
been  motivated  by  the  need  of  high  intensity  and  quality 
beams  in  applications  like  the  Spallation  Neutron  Source, 
the  drivers  for  Heavy  Ion  Fusion  or  in  studies  of  beam  phys¬ 
ics  as  in  the  Maryland  Electron  Ring  [7].  In  all  these  cases 
meeting  optimal  matching  conditions  (including  the  disper¬ 
sion  function)  will  be  critical  for  a  proper  machine  opera¬ 
tion.  In  the  presence  of  very  high  beam  currents  the  cal¬ 
culation  of  the  dispersion  function  is  complicated  in  two 
regards:  On  the  one  hand  space  charge  forces  have  to  be 
taken  into  account  to  compute  the  dispersion  function  prop¬ 
erly;  on  the  other  dispersion  itself  has  a  role  in  determining 
the  space  charge  forces  by  affecting  the  beam  shape.  In 
[4]  we  developed  an  analytical  model  that  describes  both 
aspects  of  the  interplay  between  space  charge  and  disper¬ 
sion  for  the  case  of  continuous  beams.  The  model  is  an 
extension  of  the  standard  rms  evelope  equations  that  are 
routinely  used  to  solve  the  matching  problem  in  straight 
channels.  It  consists  of  a  set  of  three  coupled  differential 
equations  for  the  horizontal  and  vertical  envelopes  and  dis¬ 
persion  function.  A  distinctive  feature  is  the  dependence 
on  a  generalized  rms  emittance,  which  unlike  the  usual  rms 
emittance  is  a  linear  invariant  in  the  presence  of  an  energy 
spread  and  bending  magnets.  A  preliminary  positive  test  on 
the  validity  of  our  generalized  rms  envelope  equations  was 
already  discussed  in  [4].  The  test  was  carried  out  against 
earlier  calculations  [5]  involving  a  fully  self-consistent  ana¬ 
lysis  of  beam  distributions  in  smooth  dispersive  channels. 
Later  [6]  we  compared  the  solutions  of  the  new  equations 
with  simulations  performed  with  a  PIC  code  (WARP,  [8]) 
for  a  periodic  circular  lattice  consisting  of  FODO  cells 
and  bends.  At  that  stage  no  effort  was  done  to  match  the 
dispersion  function  at  injection,  while  the  envelopes  were 
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matched  using  the  standard  rms  envelope  equations.  Com¬ 
parison  showed  good  agreement  over  the  scale  of  the  first 
(depressed)  betatron  oscillation  period.  However,  after  the 
first  betatron  oscillation  period  one  could  observe  relaxa¬ 
tion  phenomena  driven  by  the  space  charge  nonlinearities 
in  the  form  of  a  damping  in  the  oscillations  of  the  hori¬ 
zontal  rms  emittance  and  an  increase  in  the  vertical  rms 
emittance  (see  also  [2]).  These  features  are  not  captured  by 
the  generalized  rms  envelope  equations  (if  used  in  conjunc¬ 
tion  with  the  assumption  that  the  vertical  rms  emittance  and 
the  generalized  rms  emittance  are  invariant  of  the  motion). 
Nevertheless  we  speculated  that  for  the  purpose  of  determ¬ 
ining  the  matching  conditions  those  equations  should  be 
adequate  —  as  long  as  the  matching  is  done  over  a  length 
shorter  than  the  betatron  oscillation  period.  In  this  paper  we 
finally  test  that  guess  and  apply  the  generalized  rms  envel¬ 
ope  equations  to  the  problem  of  determining  the  matching 
conditions  at  both  injection  and  extraction  for  the  Mary¬ 
land  E-Ring.  The  results  are  reported  in  Section  3.  First, 
in  Section  2  we  briefly  review  the  form  of  the  generalized 
rms  envelope  equations. 


2  THE  MODEL 


The  theory  described  in  this  paper  applies  to  the  dynam¬ 
ics  of  a  continuous  beam  of  charged  particles  confined  in  a 
dispersive  channel  and  described  by  the  Hamiltonian 


H  =  l(pl+Pl)+l(KxX2+Kyy2)+ 


V’ 


mv\  73 


6 
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m2c4 
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where  vz  is  the  longitudinal  velocity,  7  the  relativistic 
factor,  m  and  q  the  mass  and  charge  of  the  beam  particles. 
The  self-force  is  described  by  the  potential  ip.  Each  particle 
has  a  momentum  p  =  po(l  +  <5) ,  with  a  relative  derivation 
6  from  the  design  momentum  po\  Eq  is  the  correspond¬ 
ing  energy.  The  external  focussing  forces,  described  by 
the  kx  and  kv,  are  assumed  to  be  linear.  In  this  model  we 
also  neglect  chromatic  effects  (i.e.  terms  like  x25  in  the 
Hamiltonian).  Finally,  p  is  the  local  radius  of  curvature. 
Also,  notice  that  the  model  (1)  does  not  entail  beam  ac¬ 
celeration.  The  derivation  of  the  generalized  rms  envelope 
equations  from  the  Hamiltonian  (1)  can  be  carried  out  fol¬ 
lowing  steps  similar  to  those  needed  to  derive  the  usual  rms 
envelope  equations.  The  major  differences  are  that  i)  there 
are  two  additional  equations  involving  the  moments  ( x6 ) 
and  (pxS);  ii)  the  usual  rms  emittance  is  more  conveni¬ 
ently  replaced  by  a  quantity  [see  below  Eq.  (3)  ]  that  is  a 
linear  invariant  in  the  presence  of  an  energy  spread.  Under 
the  assumption  that  the  beam  density  maintains  an  ellipt¬ 
ical  symmetry  it  can  be  shown  [4]  that  the  beam  envelopes 
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ux  =  y/(x2),  ay  —  y/(y2)  and  the  dispersion  function  D 
obey  the  system  of  equations: 
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where  the  generalized perveance  is  K  =  2//(/q/?273)  with 
Io  —  income3 /q  (in  MKS  units),  and  y7 (d2)  is  the  relat¬ 
ive  rms  momentum  spread.  In  this  model  the  dispersion 
function  D  and  its  derivative  are  identified  by  D(z)  = 
( x5)/(6 2)  and  D'(z)  =  (pxS)/(S2).  Physically  this  identi¬ 
fication  is  legittimate  if  before  injection  (xS)  =  (px5)  =  0 
(i.e.  the  pairs  (x,S)  and  (px,S)  are  uncorrelated).  We 
found  this  to  be  a  natural  way  to  extend  the  concept  of 
dispersion  function  to  include  beams  of  self-interacting 
particles.  The  generalized  rms  emittance  e(ix  appearing  in 
the  first  equation  in  (2)  is  defined  by 


Maryland  E-Ring  [7].  The  E-Ring  is  designed  for  circula¬ 
tion  of  a  10  KeV  electron  beam  with  a  current  in  the  prox¬ 
imity  of  100  mA.  It  consists  of  36  identical  FODO  cells, 
each  one  including  a  10°  dipole  bend,  for  a  circumference 
length  of  1 1 .52  m.  In  the  calculations  reported  here  injec¬ 
tion  into  the  Ring  is  accomplished  by  a  dispersion  match¬ 
ing  module  consisting  of  two  dipoles  and  one  quadrupole. 
Matching  of  the  envelopes  ax  and  ay  can  be  carried  out 
separately  in  the  transport  line  between  the  electron  source 
and  the  dispersion  matching  module  using  the  standard  rms 
envelope  equations. 


e2dx  =  e2x-(52)(\pxD(z)-xD'(z)}2)>  (3) 

where  ex  is  the  usual  rms  emittance.  For  matching  purposes 
Eqs.  (2)  are  of  practical  use  if  tdx  does  not  change  signific¬ 
antly  as  a  result  of  the  nonlinearities  associated  with  space 
charge.  One  of  our  goals  in  checking  Eqs.  (2)  against  a  PIC 
code  is  to  establish  the  extent  to  which  such  an  assumption 
is  verified  in  practice. 

3  MATCHING  DISPERSION 
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Figure  1 :  Dispersion  function  (in  cm)  with  (solid  line)  and 
without  (dots)  dispersion  matching;  1=50  mA. 

In  this  section  we  report  the  simulations  done  with  the  PIC 
code  WARP  to  test  various  matching  schemes  worked  out 
using  the  generalized  rms  envelope  equations  (2).  The  cal¬ 
culations  presented  here  refer  to  a  hard  edge  model  of  the 


Figure  2:  Horizontal  effective  emittances  (in  units  of  mm- 
mrad)  and  invariant  (2)  for  the  matched  and  mismatched 
cases;  1=  50  mA. 

The  first  set  of  pictures  shows  results  from  simulations 
obtained  with  the  PIC  code  for  a  beam  of  I  —  50  mA, 
corresponding  to  a  tune  depression  of  v/vo  =  0.29  [the 
initial  rms  emittances  are  ex  =  ey  =  12.5  mm-mrad  and 
the  energy  spread  is  300  eV  (i.e.  y7 (d2)  =  0.015);  such  an 
unrealistically  large  value  has  been  chosen  to  emphasize 
the  effect  of  dispersion  in  this  study].  The  beam  evolution 
is  followed  from  the  beginning  of  the  dispersion  match¬ 
ing  module  through  one  turn  of  the  E-Ring  and  through 
a  dispersion  matching  module  at  extraction.  The  purpose 
of  the  extraction  module  is  to  bring  the  dispersion  func¬ 
tion  and  its  derivative  back  to  zero.  Specifically,  Fig.  1 
shows  the  profile  of  the  dispersion  function  for  the  matched 
case  as  calculated  by  WARP.  For  comparison  we  also  report 
the  dispersion  function  that  one  would  get  if  no  dispersion 
matching  is  done  at  injection  (dots).  In  this  case  the  dis¬ 
persion  function  undergoes  large  oscillations  that  are  rap¬ 
idly  damped  by  the  space  charge  nonlinearities.  In  Fig.  2 
the  horizontal  effective  emittance  is  plotted  for  the  matched 
and  mismatched  cases  together  with  the  rms  invariant  tdx 
defined  in  Eq.  (3).  One  can  observe  that  the  damping  in  the 
oscillations  displayed  by  the  disperson  function  in  the  mis¬ 
matched  case  (see  Fig.  1)  is  reproduced  here.  As  a  result, 
the  final  value  for  the  emittance  that  one  can  extrapolate 
for  the  mismatched  case  is  larger  (although  not  dramatic¬ 
ally)  than  the  corresponding  value  of  the  emittance  in  the 
case  with  dispersion  matching  (before  extraction  is  done). 
Notice  however  that  after  extraction  ex  is  brought  back  to  a 
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value  very  close  to  the  one  it  had  initially.  In  other  words,  if 
maching  is  done  the  ex  emittance  growth  appears  to  be  al¬ 
most  completely  reversible  (at  least  over  one  turn).  This 
is  consistent  with  e^x  remaining  basically  constant.  On 
the  other  hand  tdx  increases  noticeably  in  the  mismatched 
case. 


Figure  3:  Vertical  effective  emittances  (in  units  of  mm- 
mrad)  for  the  matched  and  mismatched  case;  1=50  mA. 
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Figure  4:  Horizontal  and  vertical  effective  emittances  and 
invariant  of  Eq.  (2)  (in  units  of  mm-mrad)  for  the  matched 
and  mismatched  case;  1=  100  mA. 

Next,  in  Fig.  3  the  evolution  of  the  vertical  emittances 
are  reported.  The  rms  ey  emittance  increases  because  of 
the  nonlinear  coupling  with  the  horizontal  motion  induced 
by  space  charge.  This  effect  is  not  captured  by  Eqs.  (2). 
However,  notice  how  a  matching  based  on  Eq.  (2)  never¬ 
theless  succeeds  in  reducing  the  amount  of  the  y-emittance 
growth.  The  sharp  growth  that  we  can  observe  at  extraction 
is  due  in  part  to  the  fact  that  at  extraction  the  matching  was 
done  under  the  assumption  that  ey  was  the  same  as  at  injec¬ 
tion.  In  Fig.  4  we  show  the  evolution  of  the  emittances  for 
a  case  with  larger  current  I  =  100  mA  (corresponding  to  a 
detuning  =  0.15).  In  this  case  the  matching  is  less  ef¬ 
ficient  although  still  significant.  In  the  last  picture  (Fig.  5) 
we  report  the  case  in  which  the  matching  is  done  using  the 
equations  proposed  by  A.  Garren  [1],  One  can  see  that  un¬ 
der  the  regime  we  are  considering  that  model  would  lead  to 


an  even  more  pronounced  mismatch  (A.  Garren' s  equations 
coincide  with  Eqs.  (2)  in  the  zero  energy  spread  limit). 


Figure  5:  Horizontal  and  vertical  effective  emittances  (in 
units  of  mm-mrad)  for  a  matching  done  using  a  less  accur¬ 
ate  model;  1=  50  mA. 

4  CONCLUSIONS 

The  results  reported  in  this  paper  show  that  use  of  the  gen¬ 
eralized  rms  envelope  equations  appears  to  be  effective  in 
achieving  acceptable  matching  conditions  for  space  charge 
dominated  beams  in  the  presence  of  an  energy  spread. 
Moreover,  if  the  tune  depression  is  not  extreme  the  rms 
emittance  growth  in  the  horizontal  plane  due  to  dispersion 
seems  to  be  to  a  large  extent  reversible.  A  measure  of  the 
non  reversibility  is  given  by  the  growth  of  the  generalized 
emittance  defined  in  Eq.  (3). 
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INTRABEAM  SCATTERING  ON  HALO  FORMATION 

N.  Pichoff ,  CEA/DSM/DAPNIA/SEA,  France 


Abstract 


in  the  beam,  £x  <  1. 


The  effect  of  the  coulombian  collision  between  particles 
of  a  beam  (intra-beam  scattering)  is  investigated.  Starting 
from  the  basic  two-bodies  cross  section  formula  in  the 
centre  of  mass  referential,  the  maximum  energy  gain  that 
can  be  catched  by  a  particle  along  one  direction  is 
calculated  as  a  function  of  the  equipartition  factor.  Then, 
assuming  that  particle  trajectories  are  ellipses  in  (x,  x') 
phase-space  (linear  force  ~  no  space  charge  forces),  the 
intra-beam  scattering  halo  magnitude  is  calculated  and 
shown  to  be  very  small.  These  calculations  are  done  with 
different  beam  distribution  functions  and  equipartition 
factor.  The  effect  of  space-charge  is  then  investigated. 

1  INTRODUCTION 

Numerical  studies  have  shown  that  transporting  a  beam  in 
equipartition  conditions  could  be  less  halo-producing  than 
in  non  equipartition  ones  [1],  The  intrabeam  scattering, 
even  if  badly  simulated  by  space-charge  routines,  could  be 
suspected  to  be  responsible  of  this  halo  production.  We 
have  undertaken  to  specifically  study  the  magnitude  of 
this  effect  on  halo  formation  in  proton  linac. 

2  ASSUMPTIONS  AND  DEFINITIONS 

Let  f(x,y,z,x’,y',z')  be  the  distribution  function  of  a  beam 
in  6D  phase-space.  The  projections  of  this  function  in  2D 
phase  or  real  spaces  are  assumed  to  be  elliptical. 


Let  x„,  y,,  z,,  x',,  y',  and  z\  be  the  maximum  values  of 
respectively  x,  y,  z,  x',  y'  and  z'  which  can  be  reached  by  a 
beam-particle.  We  have : 


We  assume  that  x'0  =  y'0  =  r’0,  (same  temperature  in  both 
transverse  directions). 


We  will  assume  that  £x  is  a  constant  of  motion  in  the 
particle  transport.  This  is  the  case  in  a  linear  confinement 
force  (with  no  space-charge  force).  We  will  discuss  later 
about  this  assumption  in  presence  of  high  space-charge 
forces. 

We  will  calculate  the  probability,  per  unit  time,  for  a 
particle  to  scatter  to  an  x-emittance  ex  such  that  £x  e  [£, 
e+Ae]. 

3  HALO  CALCULATION  -  NO  SPACE 
CHARGE 

2.1  Extent 

Watching  a  binary  collision  in  the  centre  of  mass  frame 
9te,  it  can  be  shown  [2]  that  the  maximum  energy  (or 
slope)  along  x  direction  that  can  be  reached  by  a  particle 
is  given  by  the  collision  of  two  particles  (#1  and  #2)  such 
that: 

y'l  =  y'l  -  0,  (not  necessary  if  %  =  1), 


with  a  maximum  energy  transfer  to  one  particle  along  x 
direction. 

Then,  this  particle  could  reach  a  maximum  slope  x'^ 
given  by : 


The  extent  of  the  halo  of  an  equipartitionned  beam  is 
smaller  than  this  of  a  non  equipartitionned  one.  This  is 
true  for  the  halo  extending  in  the  direction  with  the 
smallest  temperature,  but  not  for  the  other  one. 


We  define  the  equipartition  factor  %  as  : 


which  equals  1  if  the  beam  is  equipartitionned. 


For  each  particle,  we  define  its  "x-emittance"  along  x- 
direction  £„ : 


2.2  Magnitude 

•  The  number  of  beam  particle  scattering,  per  unit  time,  to 
an  emittance  between  £  and  £+d£  is: 

*.y.z  *1. yi.zi 

f(  )  =  f(x,y,z,x'i,y’i,z'i)  is  the  distribution  function  of  the 
beam.. 
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•  — L  de  is  the  probability,  per  unit  time,  for  one  particle 
de 

at  position  (x,y,z,x,i,y'i,z'i)  in  phase-space  to  scatter  to  a 
x-emittance  between  e  and  e+de,  it  is  given  by: 

-^-de  =  J  I  I -^f-  de  dx'dy'dz' .  (6) 


47t£0mc2 


is  the  classical  radius  of  proton. 


•  — -  de  is  the  probability,  per  unit  time,  for  one 

de 

particle  at  (x,y,z,x'i,y'i,z'i)  to  scatter  1)  on  a  particle  with 
slopes  between  x’2  and  x'2-i-dx'2,  y'2  and  y'2+dy'2  and  z'2  and 
z'2+dz'2,  2)  to  a  x-emittance  between  e  and  e+de  : 

— -  de=  jAi^>fAX/  =  XoJe-(x/x0)  -xjl  ,  X° - r  de  (7) 

de  dAX  V.  v  v  07  /2(xJ  +AX') 

dP^, 

•  — — —  dAX'  is  the  probability,  per  unit  time,  for  one 
dAX 

particle  at  position  (x,y,z,x’i,y’i,z’i)  in  the  phase-space  to 
scatter  1)  on  a  particle  with  slopes  between  x'2  and 
x'2+-dx'2,  y'2  and  y'2+-dy'2  and  z’2  and  z'2+dz'2,  2)  with  a  x- 
angle  AX'  between  AX'  and  AX'+dAX' : 
dP 

5lAxi.dAX'  = 
dAX' 


-dAX'  I  dP^ _ d0 _ 

2itw;  I  de  f  f AX' -x;- (cose -1)11 

f  sin6  sm  acos  - — - - 

W,  •  sin  6 

V  v  1  y  y 

with: 

'X'  +  AX'^ 

6  min  =aSln  *  '  -So-  Qmax  ="-2-0o-0mi„. 

\  V  J 

v = y/x^+Yf+z^ ,  w;  =  , 

x[-x£  _  y\ -y2 

-  2  ’  Y'~  2  ’  2  ’ 


and  tan  0O  =• 


e0  is  the  vacuum  permitivity, 
q  and  m  are  the  charge  and  the  mass  of  particle, 

^c  is  the  beam  velocity  in  the  lab  frame, 

V  is  the  half  relative  slope  of  the  2  particles  (slope  of 
one  particle  in  9IC). 

4  RESULTS 

A  program  making  the  numerical  integration  needed  to 
solve  equation  (5)  with  Gauss  quadrature  method  has  been 
written.  Calculations  have  been  done  with  a  water-bag 
beam  : 


f(x,y,z,x',y',z')  = 


0  otherwise 


If  N  is  the  number  of  particles  in  the  bunch,  we  have  : 

f0=— - 6N— . —  ■  (12) 

*  -xo  ■  y0 '  z0  •  xo  ■  y0  ‘  z0 

On  figure  1  have  been  represented  the  intrabeam 
scattering  tails  created  per  meter  in  different  equipartition 
conditions  at  2  beam  energies  (6.7  and  100  MeV).  The 
beam  is  a  typical  APT  beam.  Vertical  lines  represent  the 
theoretical  halo  extent  obtained  from  equation  (4). 


.  +  1  =  98  mA  ;  f  =  352  MHz  ;  E*  =  7.6  MeV 

.  J _ JU  xo  =  yo  =  2.5  mm  ;  zo  =  6.75/x  mm 

.  I _ Y  x’o  =  y’o  =  3.5  mrad  ;  z'0  «  X'xo 


’  Z  =  i.s| 
Z  =  2 

—  x=3  [; 


I  Intra-beam  scattering  Halo  (per  meter) 


dPe 

•  — r--  d0  is  the  probability,  per  unit  time,  for  one 
da 

particle  at  (x.y.z.xVy'^z’i)  to  scatter  1)  on  a  particle  with 
slopes  between  x'2  and  x'2+-dx'2,  y'2  and  y'2+-dy'2  and  z'2  and 
z'2+dz'2,  2)  to  a  collision  angle  between  0  and  8+d0, : 

=  -^-(6,  V)-  v,  -  Pc  -  f(x,y,z,  x', y',z')dx'  dy'  dz'  d0  (9) 
d0  do 

with  Vj  =  ^xj2  +  y(2  +  zf  . 

•  S(0.v)  is  the  cross  section,  differential  to  the 

do 

scattering  angle  0,  of  a  coulombian  collision  in  9lc  [2, 
Annexe  1] : 

do 

d0V  ’  (2V-P)4  sin3  0/2 


,|l  =  98mA;f=352MHz;Ek=IOOMeV  . 

Zo  =  6.75/x  mm 


““  X  =  1 

—  X  =  1.5  i 
X=2  | 

—  X=3 


Figure  1  :  Intrabeam  scattering  halo  (per  meter)  of  the 
typical  APT  beam  at  6.7  MeV  (up.)  and  100  MeV  (down) 
in  (x/x0,  x'/x'0). 
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Calculations  with  other  beam  distributions  have  been 
done.  They  give  nearly  the  same  results  (see  figure  2). 


Figure  2  :  Intrabeam  scattering  halo  (per  meter)  of  the 
typical  APT  beam  at  6.7  MeV  for  different  particle 
distribution  functions. 

5  INFLUENCE  OF  SPACE-CHARGE 

Let’s  T|  be  the  depress  tune  factor  in  the  beam.  We  have 
developed  a  model  describing  the  trajectories  of  particles 
around  a  space-charge  driven  beam  [3].  Using  this  model, 
the  particle  amplitude  distribution  around  a  space-charge 
driven  beam  can  be  deduced  from  the  one  obtained 
without  space-charge.  The  particle  amplitude  distribution 
then  obtained  for  different  tune  depressions  is  presented 
on  figure3.  The  equipartition  factor  is  %=3. 
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Figure  3  :  Influence  of  space-charge  on  particle  amplitude 
distribution. 

This  model  gives  a  maximum  amplitude  : 

xma*/xo  =l  +  *l(V1  +  X2  -l).  (13) 

This  shows  that,  with  constant  beam  dimensions  (x0  and 
x’0),  the  more  space-charge  dominated  the  beam  is,  the 
lower  the  extent  and  the  magnitude  of  the  halo  are.  This 
can  be  easily  understood  :  In  order  to  keep  a  beam  with 
given  dimensions  (x0,  x'0),  the  confinement  potential 
should  be  deeper  when  r|  is  small.  This  means  that,  in 
order  to  reach  a  given  amplitude,  a  particle  needs  a  higher 
transverse  energy  with  a  small  n  than  with  a  bigger  one. 
For  a  given  energy  (or  maximum  slope),  the 


corresponding  amplitude  is  then  smaller.  An  equivalent 
result  has  been  independently  obtained  by  R.  Gliickstem 
and  A.  Fedotov  in  ref.  [4]. 

6  CONCLUSION 

The  influence  of  the  intrabeam  scattering  on  halo 
formation  seems  to  be  negligible  as  well  in  extension  as  in 
density.  Moreover,  the  space-charge  reduces  it  a  lot.  R. 
Gliickstern  and  A.  Fedotov  got  the  same  conclusion,  using 
an  other  model,  in  their  paper  presented  in  ref.  [4],  The 
equipartition  conditions  are  not  made  necessary  by  the 
intrabeam  scattering  phenomenon.  The  largest  emittance 
growth  and  halo  formation  of  non-equipartitionned  beam 
observed  in  simulations  can  not  be  justified  by  intrabeam 
scattering.  Are  other  physical  effects  (coupling  resonance 
?...)  or  spurious  space-charge  model  effects  [5]  explaining 
these  observations  ? 
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segment  of  the  particle  trajectory.  This  condition  should  be 


Abstract 

An  interpretation  of  the  the  “halo  puzzle”  in  accelerators 
based  on  quantum-like  diffraction  is  given.  Comparison 
between  this  approach  and  the  others  based  on  classical 
mechanics  equations  is  exhibited. 


applied  to  both  beam  wave  function  and  its  corresponding 
beam  propagator  K.  The  result  of  such  a  procedure  is  a 
multiple  integral  that  determines  the  actual  propagator  be¬ 
tween  the  initial  and  final  states  in  terms  of  the  space-time 
intervals  due  to  the  intermediate  segments. 


1  INTRODUCTION  AND  FORMALISM 

The  use  of  a  formalism  that  closely  resembles  quantum  me¬ 
chanics  (quantum-like  theory)  in  the  description  of  a  col¬ 
lective  motion  of  dense  particles,  has  been  proposed  some 
time  ago  [1],  Applications  of  the  Schroodinger- type  equa¬ 
tions  were  made  to  many  physical  systems,  such  as  plas¬ 
mas,  and  beams  in  linear  and  circular  accelerators,  with  a 
suitable  definition  of  the  the  characteristic  parameters. 

In  this  note  we  point  out  that,  after  linearizing  the 
Schrodinger-like  equation,  for  beams  in  an  accelerator  one 
can  use  the  whole  apparatus  of  quantum  mechanics,  with  a 
new  interpretation  of  the  basic  parameters  (for  instance  the 
Planck’s  constant  Ti  — >  e  where  e  is  the  normalized  beam 
emittance)  and  introduce  the  propagator  K  (z/,f/|zj,  tt) 
of  the  Feynman  theory  for  both  longitudinal  and  transversal 
motion.  A  procedure  of  this  sort  seems  particularly  effec¬ 
tive  for  a  global  description  of  several  phenomena  such  as 
intrabeam  scattering,  space-charge,  particle  focusing,  that 
cannot  be  treated  easily  in  detail  by  “classical  mechanics” 
and  are  considered  to  be  the  main  cause  of  the  creation  of 
the  “Halo”  around  the  beam  line  with  consequent  losses  of 
particles. 

Let  us  indeed  consider  the  Schrodinger  like  equation  for 
the  beam  wave  function 


K  (z  +  xo,T  4-  t\x',0) 

=  /  K  (x  +  x0,t\x0  +  yn,T  +  (n  -  1)t') 
J-b 

xK  (z  +  yn,T  +  (n  -  l)r'| 

xo  +  Vn-i  ,T  +  (n-2)r') 


xK{x  +  yi,T\x',0)dy1dy2---dyn  (3) 

where  r  =  tit'  is  the  total  time  of  revolutions  T  is  the  time 
necessary  to  insert  the  bunch  (practically  the  time  between 
two  successive  bunches)  and  (—b,+b)  the  space  interval 
defining  the  boundary  conditions.  Obviously  b  and  T  are 
phenomenological  parameters  which  vary  from  a  machine 
to  another  and  must  also  be  correlated  with  the  geometry 
of  the  vacuum  tube  where  the  particles  circulate. 

At  this  point  we  may  consider  two  pos¬ 
sible  approximations  for  K  ( n\n  -  1)  = 

K  ( x0  +  yn,T  +  (n  -  l)r'|z0  +  yn- i  +  (n  -  2 )t'): 

1.  We  substitute  it  with  the  free  particle  Kq  assuming 
that  in  the  r'  interval  (r'  r)  the  motion  is  prac¬ 
tically  a  free  particle  motion  between  the  boundaries 
(~b,+b). 


e2 

iedtip  =  -—dl-ip  +  U{x,t)i/;  (1) 

in  the  linearized  case  U  (x,t)  does  not  depend  on  the  den¬ 
sity  I'tpf.  e  here  is  the  normalized  transversal  beam  emit¬ 
tance  defined  as  follows: 

e  =  m0c7/3e,  (2) 


2.  We  substitute  it  with  the  harmonic  oscillator 
Kw  (n\n  -  1)  considering  the  harmonic  motion  of  the 
betatronic  oscillations  with  frequency  u/2-k 

We  may  notice  that  the  convolution  property  (3)  of  the 
Feynman  propagator  allows  us  to  substitute  the  multiple 
integral  (that  becomes  a  functional  integral  for  n  — >  oo 
and  r'  — >  0)  with  the  single  integral 


e  being  the  emittance  usually  considered,  where  as  we 
may  introduce  the  analog  of  the  De  Broglie  wavelength 
as  A  =  e/p.  We  now  focus  our  attention  on  the  one  di¬ 
mensional  transversal  motion  along  the  z-axis  of  the  beam 
particles  belonging  to  a  single  bunch  and  assume  a  Gaus¬ 
sian  transversal  profile  for  a  particles  injected  in  to  a  cir¬ 
cular  machine.  We  describe  all  the  interactions  mentioned 
above,  that  cannot  be  treated  in  detail,  as  diffraction  effects 
by  a  phenomenological  boundary  defined  by  a  slit,  in  each 
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K  (x  +  xo,T  +  r|z',  0) 

/+& 

dyK  (z  +  z0,  T  +  r|z0  +  y,  T) 

■b 

xK(xo+y,T\x',0)dy  (4) 

In  this  note  we  mainly  discuss  the  case  1.  and  ob¬ 
tain  from  equation  (4)  after  introducing  the  Gaussian  slit 
exp  ^2  J  instead  of  the  segment  (—6,  +6)  we  obtain 
from 

K  (x  +  x0,T  +  r|z',  0) 
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/+oo 

dyex  p 

-OO 

*{ 


Tihr  ) 

m  / 


i: 

2  b2 

1 
2 

exp 
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2 

exp 


i  m 
2hr 


(*  -  y? 


im 


2hT 


(x0+y-  x') 


n  2 


=  ( 
V  2-Kih  \ 


„  m  ift  Y 
T  +  T  +  rTmb2  ) 


x  exp 


i  m 
2 h 


(m2/2ft2r2)  (x  -  vqt)2 


im  n  j.  n  l 

X  It  +  t )  ~  5* 


(5) 


where  Vo  =  and  xois  the  initial  central  point  of  the 
beam  at  injection  and  can  be  chosen  as  the  origin  ( xq  =  0) 
of  the  transverse  motion  of  the  reference  trajectory  in  the 
test  particle  reference  frame.  Where  as  h  must  be  inter¬ 
preted  as  the  normalized  beam  emittance  in  the  quantum¬ 
like  approach. 

With  an  initial  Gaussian  profile  (at  t  =  0),  the  beam 
wave  function  (normalized  to  1)  is 

i 


/(1)  =  {2}‘exp[-|x'j] 


(6) 


r.m.s  of  the  transverse  beam  and  the  final  beam  wave  func¬ 
tion  is: 


<j>{x)  =  J  dx' ) 4  et  *x  ]k(x,T  +  t;x', 


=  B  exp  [Cx2 


0) 

(7) 


with 


B 


7T 


a  fa  im  m2  /2h2T2  \ 

M  2nT  n±+i)-&) 


c  = 


i  m 


771‘ 


‘/2K2T2 


Ofn-  im  t  1  i  1 1  1 
lflT  X  \T  +  7)  ~  b* 

r2  f  m2/2h2T2  V 

(f 


1  m 

2  hT 


2/2  h2T2  \ 


(8) 


l(t  + 


The  final  local  distribution  of  the  beam  that  undergoes 
the  diffraction  is  therefore 

p(x)  =  \4>{x)\2  =  BB*  exp  [-as2]  (9) 

where  a  =  —(C+C*)  and  the  total  probability  per  particle 
is  given  by 

r+oo 


-  / 

J  —  C 


dxp{x)  =  BB 


VI 


1  mb 
yfa.  hT 


GO) 


One  may  notice  that  the  probability  P  has  the  same  order 
of  magnitude  of  the  one  computed  in  [2]  if  is  of  the 
order  of  b. 

Similarly  we  may  consider  the  harmonic  oscillator  case 
(betatronic  oscillations)  compute  the  diffraction  probabil¬ 
ity  of  the  single  particle  from  the  beam  wave  function  and 
evaluate  the  probability  of  beam  losses  per  particle. 


2  PRELIMINARY  ESTIMATES 

Preliminary  numerical  estimates  based  on  the  above  formu¬ 
lae  for  the  two  different  cases  of  LHC  [3]  and  HIDIF  [4] 
designs  give  the  following  encouraging  results: 


Transverse  Emittance, 
Total  Energy  E 
T 
b 
P 


Transverse  Emittance, 
Kinetic  Energy  E 
T 
b 
P 


LHC 

e  =  3.75  mm  mrad 

=  450  GeV 

=  25  nano  sec. 

=  1.2  mm 

=  3.39  x  10~5 

HIDIF 

e  =  13.5  mm  mrad 

=  5  GeV 

=  100  nano  sec. 

=  1.0  mm 

=  2.37  x  10~3 


3  CONCLUSION 

These  preliminary  numerical  results  are  encouraging  be¬ 
cause  they  predict  halo  losses  which  seem  under  control. 
Indeed  the  HIDIF  scenario  gives  a  total  loss  of  beam  power 
per  meter  which  is  about  a  thousand  higher  than  the  LHC. 
However  in  both  cases  the  estimated  losses  appear  much 
smaller  than  the  1  Watt/m. 
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Abstract 

There  are  many  proposals  for  the  construction  of  proton 
linacs  with  beam  power  up  to  200  MW  for  various 
applications  (energy  production,  nuclear  waste 
transmutation,  etc...).  In  Russia  there  is  a  discussion  of 
the  necessity  for  the  construction  of  the  proton  linac, 
which  must  exceed  the  beam  power  by  one  order  of 
magnitude  with  respect  to  the  existing  linacs.  Such  linac 
must  produce  1  GeV  energy  beam  with  a  3  mA  average 
current.  The  existing  facility  in  the  Institute  for  Nuclear 
Research  allows  an  upgrade  of  the  linac  for  the 
acceleration  of  higher  intensity  beam.  The  facility 
consists  of  a  high  intensity  proton  linac  and  an 
experimental  area.  The  latter  has  been  constructed  for  the 
transportation  of  several  high  intensity  beams  inside  a  200 
mm  aperture  beamline.  Therefore  it  can  be  safely  used  for 
the  transportation  of  very  high  power  beam  to  target.  For 
the  production  of  a  3  mA  beam  it  is  proposed  to  extend 
the  duty  factor  of  the  linac  up  to  6%.  The  accelerating 
structure  above  200  MeV  must  be  replaced  by  a 
superconducting  structure  operating  at  594.6  MHz.  The 
surface  field  of  17  MV/m  in  the  superconducting  structure 
provides  acceleration  of  protons  up  to  1  GeV  over  the 
length  of  the  existing  linac. 

1  INTRODUCTION 

The  nuclear  waste  transmutation  concept  based  on  the 
high  power  linear  accelerator  system  is  firmly  supported 
by  the  Russian  government  and  is  considered  as  a  high 
priority  task  for  the  next  decade.  The  full-power  linac 
requires  about  100  mA  CW  current  at  1  GeV  beam 
energy.  Successful  operation  of  superconducting  RF 
(SRF)  structures  for  the  last  two  decades  motivates  the 
use  of  SRF  cavities  for  such  linac  in  the  energy  range 
above  -200  MeV.  There  are  two  linacs  in  the  world 
operating  with  high  intensity  beams.  The  most  powerful 
linac  at  LANL  can  produce  0.8  MW  beam.  The  linear 
accelerator  of  the  Moscow  Meson  Factory  (MMF) 
produces  100  pA  beam  at  500  MeV  (the  specified  energy 
is  600  MeV).  The  next  generation  of  high-intensity  linacs 
is  designed  for  much  higher  beam  power.  From  the 
practical  point  of  view  the  construction  of  the 
demonstration  linac  with  intermediate  beam  power  of  ~5 
MW  is  necessary.  This  paper  deals  with  the  study  of  the 
MMF  linac  upgrade  in  order  to  produce  3  MW  beam.  Its 
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purpose  is  to  confirm  beam  performance  parameters, 
demonstrate  an  operation  of  SRF  cavities  and  identify 
component  failure  modes. 

The  main  task  for  the  3  MW  linac  is  the  development 
of  transmutation  technologies.  After  this  problem  will  be 
successfully  solved,  the  linac  can  be  switched  to  the 
acceleration  of  FT  beam  and  can  be  transformed  to  a 
powerful  spallation  neutron  source  based  on  a  compressor 
ring.  For  this  purpose  the  linac  will  require  the 
modification  of  its  front  end  for  the  installation  of  an 
adequate  chopper.  However  the  laser  stripping  technology 
of  the  FT  beam  is  under  good  progress,  therefore  even 
chopper  will  not  be  required  in  order  to  operate  as  a 
neutron  source. 

2  SHORT  OVERVIEW  OF  THE  MMF 
LINAC 

The  MMF  linac  consists  of  three  main  parts:  injector 
system,  DTL  up  to  100  MeV  and  DAW  cavities  up  to  600 
MeV  [1],  The  general  layout  is  shown  in  fig.l.  The 
injector  system  includes  fT  and  FT  ion  sources  with  high 
voltage  transformers,  two  transport  channels  with 


Figure  1:  General  layout  of  the  MMF  accelerator  facility. 
The  buildings  of  the  auxiliary  systems  are  not  shown. 

funneling  magnet  at  400  keV  and  booster  RFQ  in  the 
energy  range  from  400  keV  to  750  keV.  The  DTL 
operates  at  198.2  MHz  and  accelerates  the  beam  from 
0.75  to  100  MeV.  The  DAW  structure  operates  at  991 
MHz  and  accelerates  the  beam  up  to  600  MeV. 
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Originally  the  high  voltage  pulsed  transformer  has  been 
used  for  acceleration  up  to  750  keV.  The  beam  pulse 
length  has  been  limited  to  ~80  ps  due  to  the  transformer 
saturation.  In  order  to  increase  the  duty  cycle  of  the  beam 
from  0.8%  to  1 .5%  as  well  as  to  allow  the  simultaneous 
acceleration  of  two  beams,  H+  and  IT,  the  booster  RFQ  in 
the  energy  range  from  400  keV  to  750  keV  has  been 
installed  and  commissioned  recently. 

The  MMF  linac  operates  typically  with  70-100  pA 
average  current  for  the  proton  beam  at  repetition  rate  of 
50  Hz.  However,  the  linac  can  operate  at  100  Hz  with  a 
corresponding  increase  of  the  average  current,  if 
necessary.  A  further  increase  of  the  average  beam  current 
can  be  achieved  by  the  acceleration  of  the  beam  with  peak 
current  of  20  mA.  The  latter  is  restricted  by  the  DTL  rf 
power  system.  We  consider  the  MMF  linac  as  the  best 
candidate  for  the  cheapest  realization  of  a  3  MW 
demonstration  linac  for  the  following  reasons: 

•  No  capital  investment  is  required  for  the  construction 
of  new  buildings  for  the  linac  and  auxiliary  systems. 

•  The  DTL  part  will  remain  the  old  one.  The  water 
cooling  system  is  able  to  operate  with  an  8%  duty  factor 
of  the  DTL  and  198.2  MHz  rf  system. 

•  The  experimental  area  of  the  MMF  has  been  designed 
for  the  simultaneous  transport  of  seven  separate  beams  in 
the  same  aperture.  It  will  allow  a  safe  transport  of  3  MW 
beam  to  the  target  position. 

•  The  target  can  be  placed  inside  of  the  existing  neutron 
source.  A  light  modification  of  the  shield  will  be  required. 

3  THE  PROPOSED  MODIFICATIONS 

The  general  layout  of  the  upgrade  linac  is  shown  in  Fig.  2. 
The  main  beam  parameters  of  the  3  MW  linac  listed  in 
Table  1  are  achieved  with  the  following  modifications  of 
the  MMF  linac: 


•  An  RFQ  with  the  proton  ion  source  installed  directly 
upstream  of  the  100  MeV  DTL; 

•  The  main  part  of  the  linac  from  100  MeV  to  1  GeV 
contains  room  temperature  Coupled  Cavity  Linac  (CCL) 
up  to  205  MeV  and  Superconducting  Linac  (SCL)  for 
acceleration  to  the  final  energy.  The  operating  frequency 
both  for  CCL  and  SCL  is  594.6  MHz.  The  new  klystrons, 
high  voltage  transformers  and  waveguides  can  be  located 
in  the  existing  buildings  (see  Fig.  1). 


Table  1 :  Basic  parameters  of  the  3  MW  linac 


Beam  energy 

1  GeV 

Average  current 

3  mA 

Pulsed  current 

50  mA 

Beam  pulse  duration 

600  ps 

Repetition  rate 

100  Hz 

Number  of  RF  stations  at  198.2  MHz 

5 

Number  of  RF  stations  at  594.6  MHz 

49 

Number  of  cryostats  with  f}r,  =  0.6 

28 

Number  of  cryostats  with  f}G  =  0.8 

60 

Total  length  of  the  linac 

464  m 

Number  of  SRF  cells 

880 

The  existing  198.2  MHz  triodes  GI-54  allow  the 
generation  of  3.5  MW  pulsed  power  with  a  duty  factor  of 
8%.  However  these  triodes  are  no  longer  available.  The 
DTL  tanks  are  supplied  by  two  rf  windows,  therefore  the 
power  can  be  generated  in  two  rf  stations  and  added  in  the 
cavity.  For  this  purpose  the  commercially  available 
triodes  from  “Svetlana”  can  be  used. 

The  most  important  modifications  are  on  the  high 
energy  part  of  the  linac  above  1 00  MeV.  Due  to  the  lack 
of  proven  technology  of  the  superconducting  rf  (SRF) 
structures  in  the  energy  range  between  100  to  200  MeV 
we  consider  the  use  one  of  two  types  of  accelerating 
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Figure  2:  General  layout  of  the  3  MW  linac  to  be  located  in  the  MMF. 
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structures:  the  Disk  and  Washer  Structure  (DAW)  [2]  and 
the  Cut  Disk  Structure  CDS  [3].  The  CDS  structure  is  very 
similar  to  the  DAW  structure  as  it  concerned  the 
electrodynamics  parameters  and  vacuum  conductivity. 
However  the  CDS  is  much  compact  and  the  cell  diameter 
is  only  ~360  mm  at  594.6  MHz.  The  CDS  is  simpler  for 
the  manufacture  but  requires  more  R&D  for  the  operation 
with  a  high  duty  factor.  The  final  decision  for  the  CCL 
structure  can  be  made  later. 

For  the  feeding  both  the  CCL  and  SCL  a  1.8  MW 
klystron  operating  at  594.6  MHz  with  anode  modulation  is 
considered. 

The  198.2  MHz  RFQ  and  transition  energy  of  750  keV 
is  the  reasonable  choice  for  the  matching  of  a  50  mA  peak 
current  beam.  The  first  44  periods  of  the  DTL  are  made 
with  a  15  mm  aperture  diameter  which  restricts  the 
normalized  acceptance  of  the  first  DTL  to  8  it  mm  mrad. 
This  allows  scrapping  of  the  beam  halo  at  low  energies 
and  preserving  total  emittance  low  along  the  whole  linac. 
The  MMF  linac  originally  has  been  designed  for  the 
acceleration  of  a  50  mA  beam.  The  length  of  the  focusing 
period  of  2pXo  (Xo  is  the  rf  wavelength  of  the  fundamental 
frequency)  and  zero  current  phase  advance  a0t=45°  are 
quite  reasonable  for  the  focusing  of  a  50  mA  beam.  At  the 
beginning  of  the  SCL  the  focusing  period  length  is  ~4pXo- 
Therefore  the  CCL  will  be  designed  for  adiabatic 
matching  of  the  transverse  focusing  properties.  It  will 
require  the  variation  along  the  CCL  the  phase  advance 
over  the  focusing  period  and  focusing  length  counted  in 
PV  Both  the  DAW  and  the  CDS  are  the  best  options  for 
the  high  current  acceleration  due  to  the  high  coupling 
which  is  more  than  30%.  For  the  6%  duty  factor  the 
accelerating  gradient  ~3.5  MV/m  of  the  CDS  is  restricted 
by  the  heat  removal  from  the  copper.  The  CCL  will  serve 
as  an  adiabatic  matching  in  the  longitudinal  phase  space. 
Therefore  the  use  of  the  klystron  power  in  the  CCL 
cavities  will  be  somewhat  not  optimal. 

The  SCL  consists  of  two  types  of  the  SRF  cavities  with 
fixed  geometrical  beta:  pG  =  0.6  and  pG  =  0.8.  The  5-cell 
cavities  are  best  for  the  energy  range  from  200  MeV  to  1 
GeV.  The  sketch  of  the  SRF  cavities  is  shown  in  Fig.  3. 
Table  2  shows  the  basic  parameters  of  the  SCL. 


Table  2:  Basic  parameters  of  the  SCL 


Geometrical  3g 

0.6 

0.8 

Operating  frequency,  MHz 

594.6 

594.6 

Number  of  cells  in  SRF  cavity 

5 

5 

Number  of  cavities  in  cryostat 

2 

2 

Maximum  electric  field  on  the 
surface,  MV/m 

16.8 

16.8 

Accelerating  field  (over  the 
length  of  53r,X/2  MV/m) 

6.0 

7.3 

TTF 

>0.7 

>0.76 

Synchronous  phase 

-32° 

-32° 

Figure  3:  Two  types  of  cryostats  for  a  1  GeV  linac. 


The  accelerating  gradient  along  the  whole  linac 
averaged  over  the  focusing  period  is  shown  in  Fig.  4. 


Figure  4:  Average  accelerating  gradient  along  the 
linac. 
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STATUS  OF  THE  PROTON  DRIVER  STUDY  AT  FERMILAB 

W.  Chou*,  Fermilab',  P.O.  Box  500,  Batavia,  IL  60510,  USA 


Abstract 

In  order  to  enhance  Fermilab  hadron  research  program  and 
to  provide  a  proton  source  to  a  future  muon  storage  ring  or  a 
muon  collider,  the  study  of  a  new  high  intensity  proton  ma¬ 
chine  called  the  Proton  Driver  is  being  pursued  at  Fermilab. 
It  would  replace  the  present  linac  and  8  GeV  Booster  and 
produce  20  times  the  proton  intensity  as  the  Booster.  This 
paper  gives  a  status  report  on  a  number  of  design  issues  of 
this  machine. 

1  INTRODUCTION 

In  the  summer  of  1997,  a  group  of  people  at  Fermilab  led 
by  S.  Holmes  launched  a  study  for  designing  a  new  proton 
source  that  would  replace  the  present  booster.  The  goal  was 
to  increase  the  proton  intensity  by  a  factor  of  20.  The  results 
are  documented  in  Ref.[l],  which  describes  the  basic  fea¬ 
tures  of  such  a  machine.  Since  November  1998,  a  design 
team  has  been  formed.  Its  task  is  to  complete  a  Technical 
Design  Report  (TDR)  by  the  end  of  FY2000.  This  paper 
reports  the  status  of  the  TDR  work. 

This  is  a  dual-purpose  machine.  On  the  one  hand,  it  could 
serve  as  an  intense  proton  source  of  a  future  muon  collider 
or  a  muon  storage  ring.  On  the  other  hand,  it  would  also 
enhance  Fermilab  hadron  research  program.  This  machine 
shares  a  number  of  common  features  with  other  high  inten¬ 
sity  proton  machines  (SNS,  ESS  and  JHF),  such  as  large 
number  of  protons  per  cycle,  rapid  cycling  and  high  beam 
power.  However,  the  proton  driver  has  a  unique  feature. 
Namely,  it  must  keep  the  longitudinal  emittance  small  so 
that  at  exit  the  bunch  is  short. 

The  proton  driver  consists  of  three  new  machines:  a  1 
GeV  linac,  a  3  GeV  pre-booster  and  a  16  GeV  booster.  The 
design  goals  are:  1  x  1014  protons  per  cycle,  15  Hz  rep 
rate,  an  rms  bunch  length  1-2  ns  at  exit.  The  construc¬ 
tion  of  these  new  machines  would  be  staged.  In  Phase  I,  a 
new  16  GeV  booster  would  be  built  in  a  new  tunnel.  The 
present  400  MeV  linac  will  be  used  as  its  injector.  In  this 
Phase,  the  proton  intensity  could  reach  1/4  of  the  design 
goal,  i.e.,  2.5  x  1013  per  cycle.  Then,  in  Phase  II,  a  new  linac 
and  a  pre-booster  would  be  built  to  reach  the  design  inten¬ 
sity.  There  are  several  reasons  for  taking  this  approach.  (1) 
Phase  I  is  a  logical  step  in  proton  intensity  upgrade.  The 
present  booster  can  only  deliver  5  xlO12  protons  per  cy¬ 
cle,  which  is  limited  by  the  machine  acceptance  and  radi¬ 
ation  shielding.  The  present  400  MeV  linac,  on  the  other 
hand,  can  deliver  2.5  x  1013  H~  particles.  The  newly  con¬ 
structed  Main  Injector  (MI),  with  certain  upgrades,  is  also 
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Table  1:  Parameters 


Stage 

Phase  I 

Phase  II 

Machine 

New  booster 

New  linac  &  pre-booster 

N  (per  cycle) 

2.5  x  1013 

1  x  1014 

Rep  rate  (Hz) 

15 

15 

Einj  (GeV) 

0.4 

1  (pre-boo),  3  (booster) 

Emax  (GeV) 

16 

16 

P  (MW) 

1 

4 

frf  (MHz) 

53 

7.5 

believed  to  be  able  to  take  2.5  x  1013  protons  from  a  booster 
batch.  Thus,  a  new  booster  will  remove  the  bottleneck  and 
keep  the  linac-booster-MI  operation  in  balance.  (2)  This  ap¬ 
proach  gives  the  least  disruption  to  the  HEP  experiments. 
(3)  It  also  has  immediate  benefits  to  the  existing  program 
(NUMI,  KAMI,  MiniBooNE  and  long  term  collider  exper¬ 
iments). 

2  BEAM  PHYSICS 

2.1  Longitudinal  dynamics 

One  of  the  most  demanding  design  parameters  is  the  par¬ 
ticle  density  in  the  longitudinal  phase  space.  At  7.5  MHz, 
each  bunch  contains  2.5  x  1013  particles  with  an  emittance 
cl  =  2  eV-s.  This  density  is  several  times  higher  than 
that  in  most  existing  synchrotrons  (except  the  ISIS,  which 
operates  at  2.1  x  1013  per  eV-s).  Therefore,  longitudinal 
emittance  preservation  is  essential,  and  the  conventional 
“trick”  of  intentional  ti  blow-up  for  suppressing  instabil¬ 
ities  would  not  be  applicable. 

When  such  a  high  density  proton  beam  is  injected  into  the 
MI,  it  would  create  additional  problems.  The  MI  uses  a  53 
MHz  rf  system.  The  frequency  is  7  times  higher  than  the 
proton  driver  (7.5  MHz).  This  implies  that  only  one  out  of 
every  7  buckets  in  the  MI  will  contain  particles.  The  num¬ 
ber  of  protons  in  each  bucket  would  be  2  x  1012,  which  is 
35  times  higher  than  its  present  value  (6  x  1010).  Thus  the 
transition  crossing  could  be  a  severe  problem.  Indeed,  sim¬ 
ulations  show  large  particle  losses  at  such  a  high  bunch  in¬ 
tensity.  Fortunately,  there  are  two  methods  that  can  effec¬ 
tively  solve  this  problem:  (1)  A  7t-jump  system  has  been 
designed  for  the  MI.  It  can  provide  a  Aryt  from  +1  to  -1 
within  0.5  ms.  (2)  An  inductive  insert  can  compensate  the 
space  charge  impedance.  When  these  measures  are  added 
in  the  simulations,  the  particle  loss  is  reduced  to  zero  and 
the  emittance  growth  becomes  moderate  (20%). 
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2.2  Beam  instability  and  space  charge 

There  are  several  open  questions  on  this  subject.  (1)  Is 
there  any  microwave  instability  below  transition?  The  Keil- 
Schnell  criterion  shows  no  discrimination  against  cases  ei¬ 
ther  above  or  below  transition.  But  in  the  real  world,  while 
numerous  machines  have  reported  microwave  and  nega¬ 
tive  mass  instabilities  above  transition,  none  of  them  (to  the 
author’s  knowledge)  has  seen  these  below  transition.  The 
capacitive  space  charge  impedance  certainly  helps  keep 
beam  stable  below  transition.  But  whether  a  big  resistive 
impedance  could  drive  beam  unstable  remains  to  be  seen. 
(2)  Is  there  any  fast  head-tail  instability  in  a  proton  ma¬ 
chine?  This  type  of  instability  is  clearly  observed  in  elec¬ 
tron  machines  but  has  never  been  seen  in  any  proton  ma¬ 
chine.  A  recent  paper[2]  claims  the  space  charge  would 
make  the  mode  coupling  more  difficult,  thus  suppress  this 
instability.  This  topic  deserves  more  investigation. 

To  keep  the  incoherent  space  charge  tune  shift  under  con¬ 
trol,  the  normal  measures  (higher  injection  energy,  larger 
transverse  emittance,  painting,  2nd  harmonic  rf)  will  be 
taken.  A  large  dispersion  (±15  m)  lattice  in  the  pre-booster 
is  also  under  consideration,  which  could  lower  the  Laslett 
tune  shift  by  enlarging  the  horizontal  beam  size.  There  is 
a  speculation  that  it  is  the  coherent  tune  shift  caused  by  the 
space  charge,  not  the  incoherent  one,  that  actually  hurts  the 
beam.  If  this  is  true,  then  a  quadrupole  damper  could  help. 
This  is  a  research  topic  at  several  labs  (e.g.,  KEK  and  GSI), 


2.3  Lattice  design 

The  new  booster  size  will  be  the  same  as  the  present  booster 
(474  m).  A  primary  reason  for  this  choice  is  that  it  matches 
the  size  of  the  p  Accumulator.  The  pre-booster  is  a  third 
of  the  booster  size  (158  m).  Two  lattices  are  under  study  - 
FODO  and  FMC  (flexible  momentum  compaction).  Both 
must  give  a  larger  than  the  extraction  energy  to  avoid 
transition  crossing.  The  FODO  is  possible  for  the  pre¬ 
booster  but  difficult  for  the  booster  because  of  the  scaling 
7t  ~  y/R.  The  FMC  is  more  flexible  but  generates  large 
/^-function  swing,  which  could  be  a  source  of  halo  forma¬ 
tion.  A  difficulty  experienced  in  the  lattice  design  is  the 
needed  utility  region  for  rf,  injection  and  extraction.  It  is 
hard  to  place  all  these  in  dispersion  free  sections  due  to  the 
compact  machine  size.  A  compromise  is  to  put  rf  in  the 
short  free  space,  where  the  dispersion  could  be  large  (~2 
m).  Then,  one  needs  to  understand  the  synchro-betatron 
coupling  problem.  Existing  literatures  (e.g.,  Ref.[3])  has 
studied  integer  resonances  (kvp  ±  mus  =  n  with  k  =  1) 
and  provided  a  solution.  Work  is  needed  for  general  cases 
(k  =  2,  3,  ..).  The  H~  injection  region  has  low  /3  in  both 
planes.  The  x-plane  painting  is  achieved  by  using  4  slow 
bump  magnets  (for  orbit  bump)  and  2  fast  bump  magnets 
(for  painting),  the  y-plane  painting  by  a  steering  magnet 
(varying  y').  The  dependence  of  temperature  rise  and  emit¬ 
tance  growth  on  the  foil  thickness  is  being  calculated. 


2.4  Beam  losses 

There  is  a  widely  quoted  number,  1  W/m,  for  tolerable  beam 
losses  in  the  “quiet  area.”  But  this  number  needs  to  be 
checked.  Using  the  preliminary  lattice  and  magnet  design 
of  the  proton  driver,  MARS  calculation  shows  that  13  W/m 
can  be  tolerated  for  hands-on  maintenance.  (After  30-day 
irradiation  and  1-day  cooling,  the  residual  dose  at  contact  is 
less  than  10  mrem/hr.)  This  means  the  tolerable  beam  loss 
can  be  an  order  of  magnitude  higher  than  what  was  previ¬ 
ously  believed.  The  ground  water  activation  problem  gives 
a  somewhat  lower  limit  but  can  be  treated  separately.  Even 
if  13  W/m  is  adopted  as  the  design  criterion,  beam  loss  is 
still  a  primary  concern.  A  collimation  system  is  necessary. 

3  TECHNICAL  SYSTEMS 

3.1  RF  system 

There  are  two  rf  systems  that  are  under  design.  In  Phase  I, 
the  new  booster  will  use  a  53  MHz  system;  in  Phase  II,  both 
the  booster  and  pre-booster  will  use  7.5  MHz.  The  53  MHz 
system  is  a  modification  of  the  present  booster  rf.  The  7.5 
MHz  system  is  a  new  one.  It  uses  the  Finemet  as  the  mag¬ 
netic  core.  There  are  two  advantages  of  this  material:  (1) 
It  can  stand  high  B-field  (>  5  kG).  This  means  for  the  same 
accelerating  voltage,  the  physical  length  of  the  rf  cavity  will 
be  shorter  (by  50%).  This  is  important  for  small  machines 
requiring  high  rf  voltage.  (2)  It  is  broadband.  So  there  is  no 
need  of  tuning.  Furthermore,  one  cavity  can  provide  multi¬ 
ple  harmonics  (A  50%  2nd  harmonic  rf  is  needed  for  reduc¬ 
ing  the  injection  loss).  There  are  also  several  concerns  re¬ 
garding  the  Finemet  -  high  power  consumption  due  to  low 
shunt  impedance  R,  and  low  gap  capacitance  due  to  high 
permeability  )i.  A  radial  cut  in  the  core  can  help  raise  the 
Q  value  and  lower  R/Q  and  the  effective  p.  A  prototype 
200  kW  cavity  using  five  large  size  cut  cores  is  being  built. 
It  will  provide  20  kV  at  7.5  MHz.  This  work  is  in  collabo¬ 
ration  with  the  KEK  and  is  part  of  the  US-Japan  accord. 

The  challenges  to  the  beamloading  compensation  system 
are:  (1)  high  beam  intensity  (16  /xC);  (2)  short  beam  pulse  at 
exit  (a  few  ns);  (3)  low  Q  of  the  rf  cavity  (which  means  the 
beamloading  voltage  has  a  rich  Fourier  spectrum).  Several 
compensation  methods  are  under  study:  feedforward,  direct 
rf  feedback  and  cathode  follower.  It  is  planned  to  set  up  an 
rf  test  station  for  high  power  rf  test  and  for  bench  test  of  the 
beamloading  compensation. 

3.2  Magnet  and  power  supply 

The  magnet  has  large  aperture  (5”  x  10”)  and  will  use  thin 
silicon  steel  laminations.  The  peak  field  is  chosen  to  be 

1 .3  T  to  avoid  saturation.  The  requirements  on  the  end  de¬ 
sign  are:  (1)  minimizing  eddy  current  heating;  (2)  making 
uniform  effective  length  in  the  end  region;  (3)  minimizing 
harmonics.  The  ac  loss  data  from  the  vendor’s  catalog  are 
not  directly  applicable,  because  they  are  not  measured  at 
15  Hz  and  have  no  dc  bias.  An  ac  loss  measurement  fa- 
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cility  is  being  set  up.  A  study  was  done  to  compare  pro¬ 
grammable  with  resonant  power  supply  systems.  Although 
the  former  has  advantages,  it  is  ruled  out  for  two  reasons: 

(1)  Its  cost  is  several  times  higher  than  the  latter;  (2)  There 
is  no  existing  solution  for  storage  of  large  reactive  power 
(about  400  MVA)  at  15  Hz.  Three  different  resonant  sys¬ 
tems  are  being  studied:  (a)  A  single  resonance  system  at  15 
Hz;  (b)  A  dual-resonance  system:  15  Hz  plus  a  12.5%  30 
Hz  component;  (c)  A  dual-frequency  system  with  a  switch: 
up-ramp  at  10  Hz,  down-ramp  at  30  Hz.  The  cost  difference 
among  the  three  systems  is  within  20%.  The  main  advan¬ 
tage  of  (b)  and  (c)  is  the  potential  saving  in  rf  power  (about 
25-33%).  Simulation  models  for  each  circuit  have  been  es¬ 
tablished.  It  seems  there  is  no  show  stopper  in  either  (a) 
or  (b).  The  concern  about  (c)  is  the  ripple  effects  at  injec¬ 
tion  when  the  switch  is  turned  off.  An  accurate  estimate  of 
the  stray  inductance  and  capacitance  in  a  real  system  is  cru¬ 
cial  in  this  analysis.  When  a  resonant  power  supply  drives 
separate  functioned  magnets,  tracking  between  dipoles  and 
quads  is  a  problem.  One  solution  is  to  put  the  main  dipoles 
and  quads  on  the  same  bus,  while  using  trim  quads  for  tun¬ 
ing. 

3.3  Vacuum  pipe 

There  are  two  options  for  the  beam  pipe.  One  is  a  ceramic 
pipe  with  an  rf  shield  inside,  as  used  at  the  ISIS.  This  de¬ 
sign  works  well.  The  shortcoming  is  the  additional  aper¬ 
ture  it  would  take  (about  1.5-2  inches),  which  makes  the 
magnet  more  costly.  The  other  option  is  a  thin  Inconel  pipe. 
Because  of  its  high  strength  and  electrical  resistivity,  the 
eddy  current  heating  of  Inconel  is  about  1/4  of  that  of  stain¬ 
less  steel.  But  still,  the  heating  would  reach  about  3  kW/m, 
which  must  be  removed  by  a  cooling  system.  A  prototype 
large  aperture  (5”  x  8”)  thin  (0.05”)  Inconel  pipe  with  water 
cooling  is  being  designed  and  fabricated.  The  eddy  current 
induced  field  error  is  a  few  tenths  of  a  percent,  which  may 
require  correction  elements. 

3.4  Collimation  system 

A  collimation  system  is  crucial  for  localizing  beam  losses. 
This  system  is  integrated  in  the  early  stage  of  the  lattice  de¬ 
sign  so  that  its  location  can  be  optimized.  A  preliminary 
collimator  system  has  been  designed  and  STRUCT  tracking 
shows  that  more  than  99%  of  the  lost  particles  can  be  cap¬ 
tured.  It  is  a  2-stage  system,  consisting  of  a  3-mm  thick  pri¬ 
mary  collimator  (graphite)  and  four  1 ,5-m  thick  secondaries 
(iron).  Assuming  10%  particle  losses  at  3  GeV,  it  gives  72 
kW.  This  system  can  capture  most  of  the  lost  particles  and 
leave  only  about  480  W  outside  the  collimator  region.  Thus, 
in  the  “quiet  area”,  the  loss  will  be  below  10  W/m. 

3.5  H~  source  and  linac 

The  present  H_  source  can  deliver  50  mA,  90  ps  pulses 
through  the  linac.  This  is  adequate  in  Phase  I,  which  re¬ 
quires  4000  mA-/iS  H_  beams.  Phase  II  will  call  for  the 


development  of  a  new  H~  source.  The  linac  will  be  used  in 
Phase  I.  At  this  moment,  it  is  not  clear  if  this  linac  can  also 
be  used  in  Phase  II.  To  get  the  answer,  two  experiments  are 
under  way:  (1)  peak  current  test,  (2)  klystron  pulse  length 
test.  The  first  experiment  has  been  done  by  replacing  the 
H_  source  by  a  H+  source.  It  shows  that  about  90  mA  can 
go  through  the  linac  with  good  transmission  (70%  in  the 
DTL  and  95%  in  the  CCL)  and  reasonable  emittance  (2.6  ir 
mm-mrad,  90%).  The  second  experiment  will  use  a  Boeing 
modulator  and  pulse  transformer  to  generate  300  ps  pulses 
to  test  the  klystron.  A  6-cell  rf  cavity  will  also  be  tested  for 
its  sparking  rate  at  long  pulses.  An  open  issue  in  Phase  I  is 
how  to  chop  the  beam.  Several  schemes  (ion  source  chop¬ 
ping,  laser  chopping,  rf  chopping,  etc.)  are  under  investiga¬ 
tion.  The  design  work  of  a  new  1  GeV  linac  will  start  soon. 

4  MACHINE  EXPERIMENTS 

4.1  Short  bunch  experiments 

Three  machine  experiments  have  been  performed.  One  was 
done  at  the  AGS  near  the  transition;  another  at  the  Fermilab 
booster  by  rf  rotation  near  the  exit.  Both  used  low  intensity 
beams  and  obtained  short  bunches.  The  third  one  was  also 
done  at  the  AGS  but  with  a  high  intensity  beam  (9  x  1012 
in  one  bunch)  and  at  the  top  porch.  The  bunch  length  after 
the  rf  rotation  is  about  1/3  of  that  before.  No  adverse  effects 
were  observed  other  than  a  beamloading  problem. 

4.2  Inductive  compensation  experiments 

By  inserting  an  inductive  component  (such  as  ferrite  rings) 
in  the  machine,  it  is  expected  that  certain  space  charge  ef¬ 
fects  (potential  well  distortion,  negative  mass  instability 
above  transition)  could  be  reduced.  An  experiment  was 
done  at  the  PSR.  There  were  evidences  that  the  e-p  insta¬ 
bility  threshold  is  improved  due  to  a  cleaner  gap.  This  ex¬ 
periment  will  be  repeated  after  the  PSR  upgrade. 
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Abstract 

To  deliver  high  intensity  proton  beams  it  is  proposed  to 
accelerate  H2+  by  cyclotrons  and  to  use  the  stripping 
method  to  extract  the  beam.  The  high  binding  energy  of 
the  H2+  molecule  allows  to  use  very  high  magnetic  fields 
produced  by  superconducting  magnets  even  at  energies  as 
high  as  1  GeV/n.  High  beam  currents  are  achievable  with 
these  cyclotrons  as  extrapolated  from  the  experimental 
results  obtained  by  H'  cyclotrons.  The  main  advantages, 
i.e.  easy  operation,  high  reliability  and  high  conversion 
efficiency  from  electrical  to  beam  power  are  presented. 

1  INTRODUCTION 

The  interest  for  Accelerators  Driven  Systems  (ADS),  to 
be  used  for  energy  amplification  or  waste  transmutation, 
has  stimulated  the  study  of  cyclotrons  able  to  deliver 
proton  beams  with  current  higher  than  10  mAmp  and 
energy  as  high  as  1  GeV[l,2].  The  main  constraints 
required  to  ADS  are:  minimum  beam  losses,  high 
reliability  and  high  conversion  efficiency  from  electrical 
to  beam  power.  The  cyclotron  projects  proposed  as  ADS 
are  able  to  achieve  low  beam  losses  during  the 
acceleration  and  extraction  process  by  using  large 
extraction  radii  (>  6  m)  and  high  accelerating  voltages  (8 
MV/turn).  In  this  paper  superconducting  cyclotrons,  able 
to  accelerate  H2+,  and  the  related  advantages  are 
described.  The  extraction  of  the  H2+  beam  is 
accomplished  by  a  stripper  which  produces  two  free 
protons  breaking  the  molecule.  Extraction  by  stripping 
does  not  require  well  separated  turns  at  the  extraction 
radius  and  allows  to  use  a  low  energy  gain  per  turn  during 
the  acceleration  process,  with  a  significant  reduction  of 
thermal  power  losses  for  the  RF  cavities.  Extraction  by 
stripping  is  a  very  powerful  tool  to  increase  the  reliability 
and  simplify  the  operation  mode  as  demonstrated  by  the 
success  of  commercial  cyclotrons.  The  magnetic  rigidity 
of  H2+  is  twice  that  for  protons  with  the  same  velocity, 
neverthless  using  superconducting  magnets  it  is  possible 
to  maintain  the  size  of  cyclotrons  for  H2+  at  reasonable 
values.  Another  important  advantage  of  accelerating  H2+ 
is  the  reduced  space  charge  effect  due  to  the  lower  q/A 
ratio  as  compared  with  protons,  which  is  expecially 
advantageous  during  the  early  stages  of  acceleration. 
Thereunder  the  feasibility  of  extraction  by  stripping  of 
H2+  is  demonstrated  simulating  the  extracted  trajectories 
in  the  measured  magnetic  field  of  our  K800  compact 
superconducting  cyclotrons  (CSC).  Moreover  a 
preliminary  study  on  the  possible  use  CSC  and/or  ring 
superconducting  cyclotron  (RSC)  to  accelerate  high  beam 
currents  at  high  energies  is  presented. 


2  EXTRACTION  BY  STRIPPING 

The  stripping  process  has  largely  been  used  to  extract  H‘ 
ions  at  energies  as  high  as  520  MeV  (200  kW)  and  in 
many  commercial  cyclotrons  to  extract  H  or  D'  beams 
with  a  beam  power  up  to  40  kW.  The  small  binding 
energy  (0.7  eV)  of  H  ions  forbids  the  use  of  high 
magnetic  fields,  which  would  cause  high  losses  produced 
by  electromagnetic  stripping,  while  the  16.3  eV  binding 
energy  of  the  H2+  molecule  allows  to  use  a  magnetic  field 
as  high  as  10  T  even  at  energies  as  high  as  1  GeV  per 
nucleon.  There  are  also  other  differences  between  the 
stripping  process  for  H'  and  H2+.  In  the  first  case  two 
electrons  have  to  be  removed  to  extract  one  proton  and 
the  foil  has  to  be  thick  enough  to  guarantee  stripping 
efficiency  of  100%.  If  the  H2+  is  not  stripped  at  first  cross 
it  turns  inside  the  cyclotron  and  hits  once  again  the 
stripper  until  it  is  stripped.  Then  for  H2+  it  is  possible  to 
use  a  stripper  with  thickness  smaller  than  for  H  and  then 
a  longer  mean  life  is  expected.  Strippers  made  of  pyrolitic 
graphite  are  used  at  TRIUMF  to  extract  the  520  MeV  FT 
beam.  These  strippers  have  a  mean  life  of  3-5  mAh  [3]. 
For  a  beam  current  of  5  mA  of  H2+  a  mean  life  of  0.5-1 
hour  is  expected,  which  is  a  conservative  limit  if  we 
consider  that  thinner  foils  can  be  used  and  that  just  one 
electron  has  to  be  removed  to  produce  2  protons. 
Moreover  stripping  of  H2+  produces  electrons  but  while 
for  H'  the  electrons  are  bent  towards  the  centre  of  the 
machine  and  hit  the  stripper  foil  after  spiraling  in  the 
magnetic  field,  for  H2+  the  electrons  are  bent  towards  the 
outer  radius,  so  an  electron  catcher  can  be  installed  to 
remove  the  electrons  emerging  from  the  stripper  and 
strongly  reduce  the  stripper  damage  and  increase  its  life. 
For  RSC  at  energies  of  1  GeV/n,  a  group  of  4  or  more  thin 
stripper  foils  in  cascade  could  be  used  to  further  increase 
more  the  mean  life  time.  Anyway  experimental  data  in 
this  field  are  necessary  in  order  to  propose  a  final  design. 

3  ACCELERATION  OF  11/ 

3. 1  Compact  superconducting  cyclotron 

To  check  the  feasibility  of  stripping  extraction  in  compact 
superconducting  Cyclotrons  the  trajectories  of  H2+  inside 
our  K800  Cyclotron  were  studied.  The  simulations  show 
that  for  an  enough  large  angular  range  of  the  stripper 
position  inside  the  hill  the  particles  escape  from  the 
trajectories  of  H2+  inside  cyclotron  magnetic  field  in  one 
turn.  According  to  our  simulations  small  variations  of  the 
extraction  radius  have  negligible  effects  on  the  extraction 
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Figure  1 :  Layout  of  the  4  sectors  CSC.  The  extraction  trajectories  for  H,' 
by  stripping  together  with  the  trajectory  for  fully  stripped  ions  q/A=0.5 
extracted  by  electrostatic  deflectors  are  shown 

trajectory  while  the  azimuth  position  has  a  strong  effect 
on  the  size  of  the  beam  envelope.  However  a  position 
which  minimises  the  beam  envelope  in  both  the  radial  and 
axial  plane  along  the  whole  trajectory  was  found  too[4]. 
According  to  this  evaluation  and  the  positive  experience 
of  other  laboratories  [5]  a  design  for  a  new  CSC  based  on 
the  design  of  our  existing  K800  cyclotron  but  with  a  lot  of 
simplifications  and  some  upgrading  was  started. 

This  cyclotron  has  been  proposed  as  primary  accelerator 
to  produce  radioactive  ions  beams  at  LNS[6].  In  the 
framework  of  our  upgrading  program  the  new  cyclotron 
have  to  accelerate  a  single  kind  of  particle  with  q/A=0.5 
at  a  fixed  energy.  The  main  simplifications  are:  single 
frequency,  few  trim  coils  with  small  size  and  power, 
fixed  operation  mode  of  the  power  supplies  of  the  main 
coil,  low  liquid  helium  consumption,  larger  gap  in  the 
median  plane  and  across  the  cryostat,  more  accessibility 
at  the  median  plane. 

Recently  a  design  for  a  4  sectors  110  MeV/amu  CSC  has 
been  proposed  by  Mandrillon  [7].  It  presents  some  further 
advantages,  i.e.  a  higher  energy  gain  per  turn  and  more 
space  for  RF  cavities  and  vacuum  pumps.  This  CSC  can 
be  used  as  a  first  acceleration  step  of  an  ADS  [2],  In  fig.  1 
the  simulated  stripped  trajectories  for  H2+  at  1 10  and  90 
MeV/amu  are  shown.  This  CSC  is  also  able  to  accelerate 
deuterons  and  fully  stripped  light  ions  (q/A=0.5,  A<32) 
up  to  the  maximum  energy.  These  beams  could  be 
extracted,  obviously  with  a  reduced  power,  by  two 
electrostatic  deflectors  placed  inside  the  valley. 

The  maximum  current  delivered  by  a  CSC  equipped  with 
extraction  by  stripper  is  limited  by  the  central  region,  due 
to  space  charge  effects.  According  to  the  evaluation 
accomplished  in  [8],  the  TR30  compact  cyclotron  for  H‘  is 
able  to  accelerate  a  maximum  of  3.3  mA.  This 
experimental  intensity  limit  is  due  both  to  the  vertical 
space  charge  tune  shift  and  to  the  longitudinal  space 
charge  effect.  According  to  these  considerations  the  TR30 


compact  cyclotron  for  H  with  a  central  region  scaled  up 
of  a  factor  1.44  should  increase  the  current  upper  limit  to 
10  mAmp. 

The  beam  dynamics  features  of  H2+  in  a  CSC  are  similar 
to  the  case  of  H'  if  the  magnetic  field,  the  accelerating 
voltage,  injection  energy  are  properly  scaled.  So  we  could 
extrapolate  the  space  charge  effect  for  the  H2+  beam  from 
corresponding  figures  for  H'  Cyclotrons. 

The  intensity  limit  should  be  twice  higher  than  the  IT 
case,  as  a  consequence  of  the  reduced  charge  to  mass  ratio 
q/A=0.5  of  the  H2+  ion.  The  selected  values  for  the 
proposed  CSC,  of  60  keV  for  injection  energy,  500  keV 
for  the  energy  gain  per  turn  and  the  2  T  magnetic  field  at 
the  centre,  allow  to  scale  quite  well  the  central  region  of 
the  TR30.  The  expected  maximum  current,  extrapolated 
according  to  [8]  is  then  of  9  mA  of  accelerated  H2+  and 
of  18  mA  of  extracted  protons.  A  further  significant 
advantage  for  injection  of  H2+  could  be  the  higher 
injection  energy  and  the  better  emittance  and  higher 
currents  of  H2+  sources  as  compared  to  the  H‘  sources. 

3.2  A  ring  superconducting  cyclotron 

The  spiral  angle  for  a  compact  cyclotron  has  to  be  very 
large  to  produce  enough  axial  focusing  for  energies  higher 
than  200  MeV/amu.  High  energies  as  1  GeV  are 
achievable  only  by  Ring  Cyclotrons  (RSC)  which  could 
produce  large  flutter  values  and  enough  axial  focusing.  A 
ring  cyclotron  similar  to  the  PSI  proposed  cyclotron  of  1 
GeV  [2],  the  so  called  “dream  machine”,  but  with 
magnetic  field  of  4.3  T  instead  of  2.1  T,  has  been 
investigated  to  accelerate  H2+  to  1  GeV/amu.  The  PSI 
cyclotron  proposal  is  based  on  12  sectors  layout  and 
allows  for  the  installation  of  8  accelerating  cavities,  two 
flattopping  cavities,  and  of  the  injection  and  extraction 
systems.  The  cyclotron  for  H2+  ions  does  not  need  the 
flattopping  cavities,  so  the  number  of  sectors  could  be 
reduced  to  10,  and  it  becomes  possible  to  increase  the  size 
of  the  valleys  and  have  enough  room  to  install  straight 
cavities  similar  to  the  existing  cavities  of  the  PSI  Ring. 
Preliminary  study  of  this  RSC  shows  that  it  is  very 
difficult  to  achieve  the  required  isochronous  field  using 
superconducting  coils  wrapped  around  the  iron  pole. 
More  easy,  advantageous  and  elegant  is  the  use  of  the  so 
called  S-coils  [9].  These  are  a  pair  of  superconducting 
coils  wrapped,  out  of  the  extraction  radius,  around  the 
pole/yoke  and  perpendicularly  to  the  median  plane.  This 
solution  allows  to  have  free  space  among  the  sectors,  and 
the  cryostat  is  now  completely  in  the  outer  region,  without 
any  interference  with  the  cavities  and  the  accelerated 
beam.  Preliminary  and  approximate  evaluations  by 
Poisson  were  done,  while  simulations  with  a  3D  code 
have  to  be  developed  to  optimise  the  magnetic  design. 
The  installation  of  a  stripper  foil  system  in  a  valley  allows 
for  the  beam  extraction  without  electrostatic  deflector  and 
with  an  efficiency  of  100%,  see  fig.2. 

A  very  important  parameter  for  ADS  is  the  conversion 
efficiency  from  electrical  to  beam  power.  For  the  so 
called  “dream  machine”,  the  expected  conversion 
efficiency  is  44%  [2]. 
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Figure  2:  Layout  of  the  10  sectors  RSC  for  2  GeV  H2* 


According  to  the  following  formula: 

£tot=  Pbt  /[(^VfPloss  V fic  +  Pother  ] 

where: 

£^=75%  is  the  AC/RF  optimised  conversion  efficiency 
Pbt=10  MW  is  the  total  beam  power 
Pb=9  MW  beam  power  transferred  by  the  Cyclotron 
Pother”  3.5  MW  for  injector,  pre-injector,  magnets  etc... 
According  to  the  data  of  PSI  the  thermal  losses  for  each 
copper  cavity  at  750  kV  should  be  280  kW  which  gives  a 
P loss”  0.280*8  MW  and  an  overall  efficiency  for  ADS 
based  on  the  proposed  RSC  of  etot=53%. 
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4  VACUUM  REQUIREMENTS 

As  well  known,  due  to  the  interactions  with  the  residual 
gas,  ions  could  lose  the  orbital  electron  along  the 
acceleration  path.  The  fraction  of  particles  which  survives 
is  [10]: 

T=N/N0=exp(-3.35  1016  Jor,(E)  P  dl ) 

a,(E)  =  47tao2  (Vo/v)2(Z  2  +  Zt)/Zi 

Where:  P  is  the  pressure  (torr),  L  is  the  path  length  in  cm. 
o^E)  is  the  cross  section  of  electron  loss,  v0  and  ao  are 
the  velocity  and  the  radius  of  the  orbit  of  Bohr 
respectively,  and  Zt  and  Z,  are  the  atomic  number  of  the 
residual  gas  and  of  the  incident  ion  respectively.  This 
formula  gives  a  result  in  quite  good  agreement  with 
experimental  data.  Anyway  it  is  very  important  to  have 
some  measured  values  of  the  cross  section  for  electron 
stripping  of  H2+  across  residual  gas.  We  plan  to  measure 
these  cross  sections  next  fall  when  at  our  laboratory  an 
H2+  beam  of  70  MeV/amu  will  be  available.  As  shown  in 
table  3,  to  maintain  the  amount  of  loss  during  the 
acceleration  at  the  same  level  as  the  TRIUMF  Cyclotron, 
the  vacuum  has  to  be  10'8  torr,  twice  better  than  the 


Table  2:  Beam  losses  due  to  interactions  with  residual  gas  for  TRIUMF 
and  for  the  cyclotrons  here  considered _ _ _ _ 


F 

J-,max 

MeV 

AE/An 

MeV 

Rex 

m 

Ilmax 

mA 

Vac. 

torr 

T 

% 

15! 

TRIUMF 

520 

0.34 

HU 

0.4 

Etna 

1.66 

6.6 

CSC(H2+) 

220 

1 

HI 

10 

mam 

2. 

RSC(H2+) 

2000 

6 

10 

BE! 

8. 

vacuum  of  TRIUMF  Cyclotron.  The  proposed  high 
energy  cyclotrons  here  discussed  are  more  compact  and 
smaller  than  the  TRIUMF  one,  so  to  achieve  a  better 
vacuum  seems  feasible.  Moreover  to  reach  good  values  of 
vacuum  is  useful  to  increase  the  reliability  of  the  RF 
cavities  too. 


5  CONCLUSION 

A  lot  of  work  has  to  be  done  to  evaluate  the  difficulties 
related  to  the  construction  of  H2+  Cyclotrons  to  achieve 
energies  as  high  as  1  GeV,  in  particular  the  design  of 
sector  magnets  able  to  produce  magnetic  fields  of  4.5  T. 
However  as  here  presented,  now  it  is  possible  to  construct 
superconducting  cyclotron  able  to  deliver  high  intensity 
proton  beams  with  energy  of  100-150  MeV.  Cyclotrons 
used  as  ADS  have  to  guarantee  a  high  level  of  reliability 
and  easy  operation  mode  independent  of  the  skilness  of 
the  operators,  as  well  as  high  conversion  efficiency  from 
electrical  to  beam  power.  We  believe  that  all  these 
requirements  are  achievable  by  cyclotrons  when  designed 
to  accelerate  H2+  ions  to  be  extracted  by  stripping. 
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Abstract 

The  Brookhaven  AGS  third  integer  resonant  extraction  sys¬ 
tem  allows  the  AGS  to  provide  high  quality,  high  intens¬ 
ity  25.5  GeV/c  proton  beams  simultaneously  to  four  target 
stations  and  as  many  as  8  experiments.  With  the  increas¬ 
ing  intensities  (over  7xl013  protons/pulse)  and  associated 
longer  spill  periods  (2.4  to  3  seconds  long),  we  continue  to 
run  with  low  losses  and  high  quality  low  modulation  con¬ 
tinuous  current  beams.fl]  Learning  to  extract  and  transport 
these  higher  intensity  beams  has  required  a  process  of  care¬ 
ful  modeling  and  experimentation.  We  have  had  to  learn 
how  to  correct  for  various  instabilities  and  how  to  better 
match  extraction  and  the  transport  lines  to  the  higher  emit- 
tance  beams  being  accelerated  in  the  AGS.  Techniques  em¬ 
ployed  include  “RF’  methods  to  smooth  out  momentum 
distributions  and  fine  structure.  We  will  present  results 
of  detailed  multi-particle  tracking  modeling  studies  which 
enabled  us  to  develop  a  clear  understanding  of  beam  loss 
mechanisms  in  the  transport  and  extraction  process.  We 
will  report  on  our  status,  experiences,  and  the  present  un¬ 
derstanding  of  the  intensity  limitations  imposed  by  reson¬ 
ant  extraction  and  transport  to  fixed  target  stations. 

1  INTRODUCTION 

The  Brookhaven  AGS  Resonant  extraction  system  and  the 
beam  transport  and  switchyard  systems  were  designed  in 
the  pre-AGS  Booster  era,[2,  3,  4]  when  the  kinetic  energy 
of  the  injected  beam  was  200  MeV.  In  the  post-Booster  era, 
this  energy  is  now  approximately  1.6  GeV.  For  these  two 
energies  the  ratio  of  /?7  is  approximately  3.5.  Therefore  the 
maximum  possible  beam  emittance  is  over  3.5  times  larger 
for  post-Booster  high  intensity  beams.  In  order  to  obtain 
high  intensity  beam,  the  transverse  emittance  is  increased, 
even  though  the  Booster  acceptance  is  the  same  as  the  AGS 
acceptance^  1]  Recent  emittance  measurements  in  the  AGS 
Switchyard  show  that  indeed,  the  beam  is  larger.  The  ho¬ 
rizontal  emittance  is  about  2  times  larger  and  the  vertical 
emittance  is  about  1.5  times  larger,  than  they  were  in  the 
pre-Booster  era.  [5] 

In  addition  to  the  larger  beams,  other  factors  have 
changed  significantly  since  the  design  of  the  AGS  SEB 
systems.  The  AGS  now  uses  fast  quadrupole  magnets  to 
jump  the  gamma  transition  point  during  acceleration.  For 
minimal  beam  losses  to  occur  during  the  7 tr  jump  the  mo- 
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mentum  spread  of  the  beam  has  to  be  minimized.  This  puts 
constraints  on  how  large  the  longitudinal  emittance  can  be. 
This  is  due  to  the  highly  distorted  dispersion  function  cre¬ 
ated  by  the  fast  quadrupoles,  which  defines  the  momentum 
aperture.[6]  Among  other  changes,  we  have  moved  the  loc¬ 
ations  of  the  drive  sextupoles  used  to  create  the  26/3  res¬ 
onance  for  SEB  extraction.  This  changed  the  orientation  of 
the  separatrix  at  the  electrostatic  and  the  magnetic  septums 
in  the  AGS,  but  only  slightly.  The  reason  for  moving  the 
locations  of  these  sextupoles  was  to  increase  the  available 
chromatid ty  correction.  There  are  now  12  horizontal  chro- 
maticity  sextupoles,  plus  the  4  drive  sextupoles. 

Another  fundamental  change  is  the  harmonic  number 
used  for  the  AGS.  Although  this  has  no  obvious  impact 
on  the  SEB  operation,  when  the  system  was  designed  the 
AGS  only  worked  on  an  harmonic  of  12.  We  have  now 
operated  SEB  at  high  intensity  with  the  AGS  on  harmon¬ 
ics  of  8  and  6.  When  we  ran  at  very  high  intensities  on 
a  harmonic  of  8  it  was  observed  that  there  were  significant 
coupled  bunch  oscillations  occurring  after  transition.  These 
have  the  effect  of  increasing  the  longitudinal  emittance  and 
diluting  the  phase  space.  When  we  ran  on  a  harmonic  of  6 
the  coupled  bunch  oscillations  were  still  there,  but  did  not 
increase  the  emittance  or  dilute  the  phase  space  as  well  as 
before. 

Finally,  in  order  to  further  our  understanding  of  the  SEB 
process,  and  to  try  to  understand  beam  loss  mechanisms, 
we  have  improved  and  developed  models  of  these  sys¬ 
tems.  In  particular  is  work  we  have  done  to  track  particles 
through  actual  field  maps  of  the  AGS  magnets,  to  under¬ 
stand  the  dynamics  of  what  is  occurring  when  the  beam 
is  passing  through  the  changing  gradient  of  the  combined 
function  magnets.  These  modeling  studies  confirmed  sus¬ 
picions  we  had  that  significant  tails  were  developing  on  the 
beams,  which  could  not  be  contained  in  the  aperture  of  the 
transport  lines.  The  models  also  confirmed  the  location  of 
beam  losses  in  the  beam  line.  This  allowed  us  to  come  up 
with  strategies  for  reducing  and  controlling  these  tails,  al¬ 
lowing  us  to  reduce  the  beam  losses  resulting  from  them. 


2  SEB  HIGH  INTENSITY 
PERFORMANCE 

Basic  performance  parameters  are  summarized  in  table  1. 
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Table  1 :  AGS  SEB  Performance  Parameters 


Parameter 

Value 

Units 

Momentum 

25.5 

GeV/c 

Peak  Intensity 

71.5 

1012  proton/pulse 

Extract.  Eff. 

96-98 

% 

Transport  Eff. 

90-95 

%  . 

Rep.  Period 

5 

second 

Flattop  Length 

3 

second 

Spill  Length 

2.8 

second 

Working  Point 

8.67/8.76 

Tune  (ux,  vy) 

Chromaticity 

-2.3/0.2 

Chrom.  (£x,Cy) 

2.1  Beam  Loss  Issues 

The  primary  beam  loss  issues  have  not  been  in  the  extrac¬ 
tion  process  itself,  but  in  the  transport  of  the  extracted  beam 
to  target  stations.  There  were  two  primary  beam  loss  areas. 
First,  and  what  was  our  most  pressing  problem,  was  beam 
losses  in  the  region  where  the  two  highest  intensity  beam 
lines  split  off  from  each  other.  External  “chipmunk”  mon¬ 
itors  (tissue  equivalent  ionization  detectors,  originally  de¬ 
veloped  at  FNAL)  located  outside  the  beam  line  shielding, 
limited  the  beam  intensity  that  we  could  put  into  this  region 
of  the  beam  transport,  thus  limiting  the  amount  of  beam  we 
could  deliver  to  two  major  experiments.  The  main  cause  of 
the  problem  was  not  completely  clear.  We  had  made  emit- 
tance  measurements,  including  measurements  of  the  initial 
twiss  parameters,  which  showed  the  beam  at  the  entrance  to 
the  switchyard  had  changed  from  the  canonical  set  of  para¬ 
meters  we  had  used  in  our  models.  Using  the  new  twiss 
parameters  and  emittances  we  developed  a  new  set  of  op¬ 
tics,  which  did  help  significantly  (we  were  able  to  meet 
the  experimenters  requirements).  But  there  were  still  unex¬ 
plained  losses  in  the  transport. 

Explaining  the  new  twiss  parameters  and  emittances  gets 
us  back  to  the  extraction  process.  The  beam  certainly  is  lar¬ 
ger,  as  we  explained  above,  but  why  would  the  twiss  para¬ 
meters  change  ?  Interestingly  enough,  the  vertical  twiss 
parameters  did  not  change  significantly,  and  could  be  ar¬ 
gued  to  agree  with  pre-Booster  era  measurements.  The  ho¬ 
rizontal  twiss  parameters  were  significantly  different,  al¬ 
though  on  careful  inspection  we  realized  that  the  ratio  of  a 
to  /3  was  the  same  for  both  the  pre-  and  post-Booster  era 
measurements.  In  other  words,  the  angular  orientation  of 
the  beam  in  phase  space  was  the  same,  it  was  just  much 
longer  and  fatter.  Tables  2  and  3  summarize  these  emit- 
tance  measurements  (note:  (3  and  a  are  referred  to  switch¬ 
yard  So,  after  AGS  magnet  FI 3). 

The  second  beam  loss  area,  which  was  not  fixed  by  hav¬ 
ing  a  new  optics  solution,  was  in  the  region  of  the  transport 
between  the  thick  septum  ejector  magnet  from  the  AGS, 
located  at  F10,  and  the  first  matching  quadrupole  in  the 
switchyard,  located  next  to  the  F14  AGS  magnet.  This 
beam  loss  did  not  cause  any  chipmunks  to  limit  the  in¬ 
tensity  but  it  was  nevertheless  significant.  To  understand 


this  beam  loss  we  developed  models  of  the  transport  and 
orbit  of  the  beam  in  the  AGS  during  extraction.  We  did 
single  particle  tracking  studies  using  field  maps  of  the  AGS 
combined  function  magnets.  These  studies  showed,  given 
the  large  internal  emittance  beam,  that  the  extracted  beam 
could  easily  develop  a  tail,  which  could  not  be  confined  in 
the  acceptance  of  the  switchyard. 


Table  2:  Horizontal  emittance  measurements 


95%,  N 
tx 

fix  (m) 

Pre-Booster 

31.9 

57.61 

-6.636 

Post-Booster 

64.37± 

9.60 

8.77  ± 
1.4 

— 0.92L 
0.2 

Table  3:  Vertical  emittance  measurements 


EHH 

fly  (m) 

ay 

Pre- Booster 

38.8 

3.249 

0.8708 

Post-Booster 

54.71± 

5.0 

4.18  ± 
0.4 

1.01  ± 
0.09 

Figure  1  shows  the  phase  space  of  the  beam  at  the  en¬ 
trance  to  the  thin  septum  extraction  magnet  and  the  phase 
space  at  FI  3,  just  before  entering  the  matching  quadrupoles 
at  the  entrance  of  the  switchyard.  In  this  case  the  beam 
entering  the  switchyard  has  a  large  tail.  Figure  2  shows 
particles  from  the  edges  of  the  phase  space  ray  traced  down 
the  C  line.  As  can  be  seen  the  tail  cannot  stay  contained  in 
the  aperture  in  the  matching  section  (at  the  beginning  of  the 
line)  and  again  hits  apertures  in  the  middle  of  the  line.  In¬ 
teresting  enough,  the  latter  location  is  where  the  beams  split 
off  between  the  B  and  C  lines,  the  area  of  problems  noted 
above.  We  can  reduce,  and  even  eliminate,  the  tail  by  mov¬ 
ing  the  two  septum  magnets  2/10  inch  further  inside.  This 
was  done  and  it  significantly  reduced  beam  losses  in  both 
the  two  problem  sections. 


fS  and  F13  pfca»  pci  uatafl  100  pi  mn  •««.  9S  %  Mar  Ml  •rttt 


Figure  1 :  Tracking  Simulation  of  extracted  beam  passing 
through  AGS  Main  Magnets 
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Mad  Model  of  C  Line 


Figure  2:  Single  particle  tracking  for  transport  down  C- 
Line 

2.2  Spill  Structure 

In  the  FY98/99  SEB  run  we  ran  into  a  new  problem;  sig¬ 
nificant  spill  structure  not  associated  with  power  supply 
ripple.  This  spill  structure  was  analyzed  and  found  to  be 
random  kilohertz  oscillations.  We  found  no  correlations 
between  these  oscillations  and  power  supply  ripples.  The 
power  supply  ripple  only  accounted  for  about  20  %  of  the 
spill  structure.  At  high  intensity  the  spill  was  100  %  mod¬ 
ulated  (intensity  dependent).  Recall  that  the  spill  structure 
is  a  consequence  of  variations  in  velocities  in  tune  space: 

=  f  Q.(1  +  |)  (!) 

When  there  is  very  little  power  supply  ripple,  the  remain¬ 
ing  structure  is  a  consequence  of  the  rate  at  which  the  beam 
is  moved  into  resonance  and  the  distribution  of  the  particles 
in  tune  space.  The  random  kilohertz  structure  appears  to  be 
a  direct  reflection  of  the  distribution  of  particles  in  tune,  or 
more  properly,  momentum  space.  Our  solution  to  this  prob¬ 
lem  was  to  use  the  VHF  cavity  during  extraction,  placing 
the  93  MHz  buckets  between  the  beam  and  the  resonance, 
such  that  the  particles  were  forced  between  the  RF  buck¬ 
ets  before  going  into  non-linear  resonant  growth.  Since  we 
have  a  slight  negative  B  during  extraction  the  RF  buckets 
would  have  only  a  small  space  between  which  the  beam 
could  pass,  breaking  up  any  structure  that  existed  in  the 
beam.  This  potentially  puts  93  MHz  structure  on  the  spill, 
which  was  not  a  problem  for  the  experimenters  using  the 
beam.  Figure  1  shows  the  beam  spill  with  and  without  the 
VHF  cavity  on  during  extraction. 

3  CONCLUSIONS 

The  AGS  SEB  system  is  able  to  supply  high  quality,  high 
intensity  proton  beams  for  multiple  simultaneous  experi¬ 


SEB  Spilt  Structure  with  and  without  VHF  Cavity 


Tim©  In  Cycle  (seconds) 


Figure  3:  Extracted  beam  spill  with  and  without  VHF  on 

ments.  We  are  able  to  contend  with  instabilities  that  arise 
from  the  high  current  accelerated  beams,  as  well  as  un¬ 
expected  effects,  such  as  spill  structure  uncorrelated  with 
power  supply  ripple.  For  the  AGS  the  VHF  cavity  has 
proven  to  be  invaluable  for  diluting  longitudinal  phase 
space  and  now  for  smoothing  spill  structure. 
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GOLD  BEAM  LOSSES  AT  THE  AGS  BOOSTER  INJECTION* 
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Abstract 

Gold  beam  injection  efficiency  decreases  in  proportional 
to  the  beam  loss  in  the  AGS  Booster.  A  close  look  shows 
that  large  number  of  electrons,  ions,  and  neutral  particles 
are  created  when  the  gold  beam  scrapes  wall.  To 
investigate  the  neutral  particle  production  due  to  the  beam 
loss,  local  vacuum  measurement  was  made  during  the 
1998  run.  It  shows  that  the  pressure  created  by  the 
Booster  Aw3l+  beam  loss  at  injection  has  a  35  ms  decay 
time  constant.  The  beam  loss  created  pressure  bump  in  the 
ring  is  about  20  meters  long.  When  3xl09  Gold  ions 
scrapes  wall,  a  pressure  higher  than  10~7  Torr  was 
created.  The  beam  lifetime  calculated  using  these 
parameters  is  in  agreement  with  the  observed  one. 

1  INTRODUCTION 

In  [1],  it  is  reported  that  the  Gold  beam  Booster  injection 
efficiency  decreases  in  proportional  to  the  beam  loss  in 
the  ring.  It  is  also  observed  that  the  beam  life  time 
decreases  after  a  beam  scraping  in  the  ring.  These  results 
suggest  that  the  gold  ion  lost  in  the  ring  has  negative 
impact  on  the  beam  survival. 

A  close  look  at  the  effects  of  lost  gold  ions  shows  that 
there  are  large  numbers  of  electrons,  neutral  particles,  and 
ions  (mostly  positive)  created  when  the  gold  beam  scrapes 
wall  [2,3].  It  was  found  that  the  secondary  electrons  and 
ions  are  not  the  major  culprit  of  the  beam  loss. 

To  investigate  the  neutral  particle  production  due  to  the 
beam  loss,  vacuum  measurement  was  performed  during 
the  1998  run.  The  findings  are  as  follows. 

1.  Vacuum  pressure  created  by  the  Booster  Au3l+ 
beam  loss  at  injection  has  a  35  ms  decay  time 
constant. 

2.  Crashing  3xl09  gold  ions  into  the  wall,  a  pressure 
higher  than  10 “7  Torr  was  observed,  up  from  the 
normal  5xl0~n  Torr. 

3.  The  beam  loss  created  vacuum  bump  in  the  ring  is 
about  20  meters  long. 

4.  The  beam  lifetime  calculated  using  these  results  is  in 
agreement  with  the  observed  one,  i.e.  about  20  ms  for 
high  intensity  injection. 


5.  A  rough  estimate  shows  that  at  Booster  injection,  a 
scraping  Au31+  ion  could  produce  as  much  as  105 
molecules. 

2  VACUUM  PRESSURE  DUE  TO  BEAM 
LOSS 

The  usual  vacuum  measurement,  through  the  ion  gauge 
controller,  reports  mean  values  over  several  seconds.  This 
is  because  that  the  signal  obtained  from  ion  gauge  is  in 
pA  level  for  a  vacuum  pressure  at  a  few  units  of 

10“' 1  Torr,  whereas  the  noise  can  easily  reach  a  nA  level. 
To  investigate  the  beam  loss  created  vacuum  pressure 
structure,  therefore,  the  ion  gauge  controller  has  to  be 
bypassed. 

Using  an  electrometer,  Keithley  480  Picoammeter,  ion 
gauges  at  different  locations  in  the  Booster  ring  were 
directly  measured  for  the  vacuum  pressure  due  to  the  lost 
gold  beam. 

The  time  constant  of  Keithley  480  has  a  dependence  on 
the  source  capacitance.  For  example,  at  the  nA  range,  a 
source  capacitance  230  pf  implies  a  time  constant  of  250 
ms.  It  is  found  that  this  time  constant  applies  to  most  ion 
gauges  we  used  in  the  measurement.  The  dynamic  model 
of  the  electrometer  was  obtained  by  the  calibration. 

2.1  Time  structure  of  the  pressure 

The  time  structure  of  the  vacuum  pressure  created  by  the 
beam  loss  was  studied  as  follows. 

1.  The  beam  was  crashed  in  the  ring,  and  the  response 
of  the  electrometer  for  the  ion  gauge  was  obtained. 

2.  Set  up  a  vacuum  pressure  with  a  peak  value  and  a 
decay  time  constant.  The  response  of  electrometer  is 
obtained  by  a  simulation  using  the  calibrated  first 
order  delay  model  of  electrometer. 

3.  Match  the  simulated  vacuum  pressure  time  structure 
to  the  observed  response  of  the  electrometer,  by 
adjusting  the  peak  value  and  the  time  constant. 

One  example  of  the  observed  response  of  the 
electrometer  is  shown  in  Fig.lA.  The  location  is  C3B, 
immediate  down  stream  of  the  injection  septum.  The 
injected  beam  scraping  on  the  septum  wall  was  controlled 
by  the  horizontal  steering  magnet  immediate  up  stream 
the  septum.  Two  Booster  injections  occurred  in  200  ms, 
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and  5xl08  ions  were  estimated  lost.  The  vacuum 
pressure  reported  through  the  ion  gauge  controller  was 
5xl(T10  Torr. 

x  -to’9  Electrometer  Response 


0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1 


Time  in  Second 

Figure  1 

In  Fig. IB,  vacuum  pressure  with  peak  of  2.2  xlO-8 
Torr  and  a  decay  time  constant  of  35  ms  is  shown, 
together  with  the  simulated  response  of  electrometer. 

In  Fig.  1C,  the  measured  response  of  electrometer, 
smoothed  by  a  60  Hz  notch  filter,  and  the  simulated  one 
are  shown  to  be  matched.  It  is  found,  therefore,  that  the 
beam  loss  created  pressure  has  a  decay  time  constant  of 


x  jo'9  Electrometer  Response 


Time  in  Second 


Figure  2 

35  ms. 

Six  experiments  performed  in  different  locations  in  the 
ring,  with  different  intensities,  have  showed  consistent 
results  of  a  35  ms  decay  time  constant.  The  losses  were 
from  3xl08  ions  to  109  ions  in  these  cases. 

With  larger  beam  losses,  and  higher  vacuum  pressure, 
the  observed  vacuum  decay  time  was  a  little  longer.  The 
example  shown  in  Fig.2  represents  about  15x  109  beam 


loss.  The  vacuum  pressure  reported  through  the  ion  gauge 
controller  was  15x  1(T9  Torr. 

Under  the  condition  of  very  high  pressure,  the 
functioning  of  the  ion  pumps  is  likely  to  be  different,  also 
the  nonlinearity  of  the  ion  gauge  may  be  involved. 

2.2  Peak  pressure 

The  Booster  vacuum  pressure  reported  through  the  ion 
gauge  controller  is  the  average  value  over  the  whole 
cycle,  3  seconds.  Taking  the  vacuum  pressure  decay  time 
of  35  ms,  this  pressure  accounts  for  only  about  1  %  of  the 
real  pressure  created  by  the  beam  loss. 

By  crashing  about  3xl09  ions  into  the  Booster 
injection  inflector,  a  pressure  higher  than  2xlO_9Torr 
was  observed  through  the  ion  gauge  controller.  This 
implies  that  the  real  vacuum  pressure  is  higher  than 
10-7  Torr. 

2.3  Pressure  bump  in  the  ring 

To  observe  the  vacuum  pressure  bump  in  the  ring,  the 
gold  beam  was  crashed  into  several  locations.  The 
vacuum  pressure  recorded  is  simply  the  one  observed  in 
the  control  room,  through  the  ion  gauge  controller.  One 
example  is  shown  in  Table  1 . 


Ion 

Gauge 

C6 

C7 

C8 

D1 

D2 

D3 

Unit 

Distance 

0 

4.2 

8.4 

12.6 

16.8 

21 

m 

Normal 

0.3 

0.2 

0.1 

0.0 

0.2 

0.2 

nr10 

Torr 

Scraping 

0.8 

1.4 

2.0 

4.5 

1.0 

0.6 

10'10 

Torr 

Table  1 


In  average,  the  vacuum  bump  created  by  the  beam 
scraping  is  about  15  to  25  meters  long. 

3  BEAM  LOSS  MECHANISM 

Electron  impact  capture  and  ionization  cross  sections 
reported  in  [4]  for  gold  ions  are  shown  in  Fig.3. 

At  the  Booster  injection  energy,  with  {3  =  0.044,  the 
ionization  would  not  occur,  whereas  the  electron  impact 
capture  cross  section  is  about  10-17  cm 2  for  Auil+  ions. 

The  sputtering  can  create  neutral  particles,  in  forms  of 
particles,  molecules,  or  clusters.  Also,  the  high  energy 
secondary  electrons  could  stimulate  gas  desorption,  which 
also  generate  neutral  particle.  For  convenience,  we  simply 
consider  the  product  of  the  lost  ions  as  molecules. 

Taking  the  molecules  created  by  the  lost  gold  beam  as 
N2  equivalent,  the  capture  cross  section  can  be  taken  as 

Oc  ~  10_16c/n2  for  Am31+  ions. 
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Assuming  that  at  high  intensity  run,  the  vacuum  bump 
created  by  the  beam  loss  is  20  meters  long,  with  the 

pressure  of  Pp  =  10~7  Torr,  the  molecule  density  can  be 
calculated  by, 

nm  =  3-3x  1016Pp 


Figure  3  Electron  impact  cross  sections. 
Bold  lines  are  for  Am31+ 


The  beam  life  time  is  estimated  by, 

1  _  201 
^ beam  ~  n  * 

vcnmpc  20 


where  c  is  the  speed  of  light,  and  201  meter  is  the 
Booster  circumference.  We  get  Tbeam  ~  23 ms . 

The  beam  lifetime  calculated  using  these  parameters  is 
in  agreement  with  the  observed  one.  In  Fig.4,  The  gold 


beam  current  in  about  10  ms  starting  from  the  injection  of 
a  typical  high  intensity  run  is  shown.  The  Booster 
injection  intensity  was  5.2  xlO9  ions,  whereas  2  ms  after 
the  stacking,  the  beam  intensity  was  2.4  x  109  ions.  About 
2.8 xlO9  gold  ions  were  lost  in  less  than  3  ms.  The  beam 
life  time  was  about  18  ms,  from  1  ms  to  5  ms  after  the 
stacking. 

4  MOLECULES  CREATED  BY  THE  LOST 
IONS 

The  molecules  created  by  one  lost  gold  ion  can  be 
calculated  by, 

^motec.  =  3-3  x  1016  PpVx  /  N loss 
The  resulted  molecules  per  lost  ion  is  in  the  order  of  105 . 
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Abstract 

Secondary  electron  (SE)  production  is  briefly  reviewed. 
If  the  collimator  of  the  SNS  storage  ring  allows  proton 
beam  scraping  to  take  place,  the  electron  yield  might  be 
quite  large. 

At  the  AGS  Booster,  by  steering  the  Au3>+ 
ion  beam  into  the  electrostatic  inflector,  beam  scraping 
effect  on  SE  production  is  studied. 

The  results  of  this  experiment  can  be  translated 
into  the  situation  of  proton  beam  scraping  at  the  SNS 
collimator.  It  seems  sufficient  to  support  a  new  look  of 
the  SNS  ring  collimator  design. 

1  SECONDARY  ELECTRON  PRODUCTION 

In  secondary  electron  emission,  the  electronic  stopping 
(Coulomb  collision)  is  dominant  if  the  projectile 
velocity  is  larger  than  the  Bohr  velocity 

2.1 8  x  108  cm  /  s(p  =  0.0073) .  If  the  primary  ion,  proton,  or 
electron  have  the  same  velocity,  the  kinetics  of  the 
collision  is  very  similar  [1,2].  The  Seiler  model  shows 
that  the  peak  SE  production  energy  of  projectile  is 
around  Ek  ~  0.9 MeV  I  u( ft  =  0.044) .  Also  according  to 
this  model,  the  SE  production  rate  at  the  SNS  beam 
energy,  Ek  ~  l.OGeV  /  u{fi  =  0.875) ,  is  about  10%  of 
the  peak  yield. 

Since  the  electronic  stopping  power  of  the 
target  is  approximately  proportional  to  q2 ,  where  q  is 
the  charge  state  of  the  projectile,  it  was  believed  that  the 
SE  yield  Y  also  has  a  q2  dependence  [5,6].  However, 
experimental  results  have  shown  that  it  is  more  likely  a 
q11  dependence  [7]. 

Probably  the  most  profound  factor  in  SE 
emission  is  the  projectile  scraping  effect.  Only  the 
excited  electrons  near  the  surface  have  a  chance  to 
escape,  and  a  major  part  of  stopping  power  of  a  grazing 
projectile  is  deposited  on  the  surface.  In  [3],  this 

dependence  is  estimated  as  a  factor  (cos#)-"  ,  where  a 


*  Work  performed  under  the  auspices  of  the  US  Dept,  of 
Energy 


perpendicular  incident  has  an  angle  6  =  0 ,  and  a  range  of 
the  index  0.8 <n<  15  is  indicated.  The  complication  of 
this  mechanism,  both  theoretically  and  experimentally,  in 
fact  prohibits  any  accurate  account  on  this  factor. 

Following  an  experimental  observation,  in  [8],  it 
was  calculated  that  Y  ~  200  for  a  grazing  proton  at  the 
PSR  of  LANL,  p  =  0.841 .  The  electron  collection  there 
seems  in  agreement  with  this  yield. 

If  the  collimator  of  the  SNS  storage  ring  allows 
proton  beam  scraping  to  take  place,  the  electron  yield  will 
probably  be  around  200.  Note  that  this  yield  is  about  1,000 
times  higher  than  the  yield  that  has  been  theoretically  and 
experimentally  confirmed,  without  the  functioning  of  the 
scraping  effect. 

To  be  more  confident  with  the  necessity  to 
eliminate  proton  beam  scraping  on  the  surface  of  the 
collimator,  an  experiment  was  performed  at  the  AGS 
Booster  to  study  the  beam  scraping  effect  on  the  SE 
production. 

2  EXPERIMENT  AT  THE  AGS  BOOSTER 

By  horizontally  steering  the  Ak31+  ion  beam  into  the 
electrostatic  inflector,  which  guides  the  ion  beam  from  the 
Tandem  transfer  line  into  the  Booster  orbit,  a  situation  of 
beam  scraping  on  the  inflector  surface  at  different  angles  is 
created.  Since  the  projectile  energy  and  charge  state  effects 
on  the  SE  production  are  known,  this  scraping  study  could 
be  a  useful  reference  for  the  SNS  collimator  electron 
production. 

The  inflector  has  a  horizontal  aperture  11  mm ,  and 
is  normally  charged  at  24 KV  .  The  capacitance  at  the 
inflector  is  about  300 pf  ,  and  the  charging  resistance  is 
1MQ  .  The  anode  of  the  inflector  is  grounded,  therefore, 
the  cathode  carries  a  voltage  of  -24 KV  .  By  steering  the 
ion  beam  into  the  cathode,  the  electrons  there  may  escape 
from  the  surface,  then  these  electrons  are  expelled  by  the 
cathode.  By  observing  the  cathode  voltage,  therefore,  the 
secondary  electron  emission  can  be  estimated. 

The  gold  ions  from  the  Tandem  to  Booster 
transfer  line  (TtB)  carry  a  positive  charge  of  31.  The 
kinetic  energy  is  Ek  =  0.9  MeV/u(fi  =  0.044),  which 
happens  to  be  the  peak  production  energy  of  SE. 
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In  a  normal  running  condition,  the  Tandem  to 
Booster  transfer  line  horizontal  dipole  29T  DH2 
upstream  the  inflector  was  set  at  -0.55  A  .  The  beam  full 
width  half  magnitude  (FWHM)  size  was  4 mm.  It  is 
believed  that  during  670 /Js  multiturn  injection  period, 
beam  scraping  at  either  the  anode  or  the  cathode  causes 
a  voltage  drop  at  the  inflector.  This  voltage  decline  is 
almost  invisible  at  low  intensity,  and  it  is  about  300V  at 
the  high  intensity  injection.  After  the  stacking,  the 
inflector  voltage  is  recovered  by  the  charging  current  of 
the  power  supply.  The  high  intensity  of  gold  beam 
injection  usually  implies  more  than  3xl09  ions  per 
pulse. 

By  setting  the  DH2  current  at  -3.76A , 
-3.96A ,  and  -4.16A ,  the  detected  inflector  voltage 
variation  is  shown  in  Fig.l.  For  convenience,  the 
voltage  has  been  offset  by  -24KV  .  We  observe  that  at 
the  end  of  injection  period,  the  inflector  cathode  voltage 
is  raised  by  2 KV  ,  8.6 KV  ,  and  1KV  ,  respectively.  In 
other  words,  the  cathode  voltage  becomes  -22KV  , 
-15.4  KV ,  and  -17  KV  at  the  end  of  stacking, 
respectively. 


(1) 


where  V20  =  -24 KV  is  the  static  cathode  voltage.  Using 
the  detected  V2 ,  we  find  / ,  which  is  then  used  to  get  the 
SE  yield.  This  is, 


/(')  = 


V,—  V2  ^dV2 

R  dt 


(2) 


By  fitting  to  V2 ,  we  find  that  both  the  rising  and  falling  of 
this  voltage  are  exponential.  The  time  constant  of  the  rising 
is  xrise  =  2  x  10-4  sec. ,  and  the  falling  time  constant  is 
T fan  =  3x  10-4  sec.  This  is  shown  in  Fig.2,  where  the 
amplitude  of  V2  is  normalized  to  unity.  The  falling  time 
constant  confirms  that  R  =  1A/Q  and  C  =  300 pf  , 


X  fan  =  RC  =  3x10^*  sec. 


(3) 


ms 

Fig.l.  Beam  Scraping  Induced  Voltage  on  the  Inflector 

A  simple  model  is  used  to  explain  the  results. 
A  constant  voltage  source,  at  Vj  =  -24  KV  ,  charges  the 
inflector  through  R  =  1 MQ. .  The  inflector  itself  is 
represented  by  a  capacitance  of  C  =  300 pf  ,  and  its 

voltage  is  V2 .  The  ion  beam  generated  SE  production  is 
modeled  as  a  current  source  I .  At  the  beginning  of 
stacking,  we  have  V,  =  V2  =  -24 KV  and  1  =  0.  Once 
the  ion  beam  is  steered  into  the  cathode,  7^0.  The 
inflector  cathode  voltage  rises,  which  in  turn  induces  the 
charging  current  through  R  .  At  the  end  of  the  stacking, 
once  again  1=0.  The  inflector  cathode  voltage  is 
recovered  by  the  charging  current.  The  following 
equation  can  be  used  to  describe  this  model. 


On  the  other  hand,  the  fit  of  the  rising  voltage,  during  the 
stacking  period,  requires  I  to  be  time  dependent. 


ms 


Fig.2.  Time  Constants  of  the  Rising  and  Falling  Voltage  on 
the  Inflector  Cathode 

Take  the  case  that  the  DH2  current  of  -3.96A  as 
an  example.  The  current  I  is  calculated  using  (2)  and  the 
measured  V2.  The  result  is  shown  in  Fig.3.  At  the 
beginning  of  stacking,  this  current  is  13.3wA  and  at  the 
end  of  stacking,  it  is  reduced  to  9mA  .  This  variation  is  not 
a  surprise.  However,  a  convincing  explanation  of  this  is 
difficult  to  reach.  Among  possible  reasons,  the  most 
noticeable  ones  are: 
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1.  Electrostatic  potential  that  deflects  the  projectile. 
In  our  case,  the  inflector  voltage  has  been  dropped 
significantly  during  stacking.  In  fact,  shortly  after 
the  beginning  of  stacking,  most  ions  in  the  beam 
have  been  completely  deflected  and  hit  the  anode. 

2.  Electron-depletion  effect.  At  13.3/nA ,  the  electrons 
escape  the  surface  at  a  rate  of  8.3 xlO16  per 
second.  Depending  on  the  thickness  of  the  electron 
exciting  layer,  depletion  might  take  place. 


K,  =  9.3  xlO4 


(4) 


To  translate  this  yield  into  the  SNS  situation,  we  take  the 
SE  production  rate  at  1  GeV  as  10%  of  that  in  the 
experiment.  Also  we  assume  the  projectile  charge  state 

dependence  as  q1'1  =  3 11 7  =343.  Then,  the  SE  yield 
shown  in  (4)  is, 


v 

Y,  = - - =  27 

2  10x343 


(5) 


Fig.  3.  Equivalent  Current  due  to  the  Beam  Scraping 


This  yield  is  smaller  than  the  one  estimated  in  [8], 
however,  it  is  much  larger  than  the  one  observed  in 
experiments  without  scrapping  effect.  For  instance,  see  [9]. 
Note  also  that  the  early  estimate  of  the  SNS  collimator  SE 
yield  was  0.25  to  2,  depending  on  the  collimator  edge 
angle  [10]. 

4  CONCLUSION 

The  experiment  performed  at  the  AGS  Booster,  using 
Am31+  ion  beam  to  scrape  on  the  electrostatic  inflector,  has 
shown  the  significance  of  the  scraping  effect  on  the 
secondary  electron  production.  The  result  of  this 
experiment  seems  sufficient  to  support  a  new  look  at  the 
SNS  ring  collimator  design  [11]. 

Recent  study  performed  at  the  BNL  Tandem  has 
confirmed  the  glancing  effect  of  SE  production.  Using  the 
serrated  plate  with  a  sawtooth  surface,  the  SE  production 
reduced  dramatically  [12]. 


To  estimate  the  SE  yield  due  to  beam  scraping, 
therefore,  the  peak  current  of  13.3/nA  can  be  used. 

A  nontrivial  question  is  how  much  scraping 
ions  are  responsible  for  these  secondary  electrons.  Let 
us  assume  that  the  DH2  current  -055 A  places  the 
beam  in  the  center  of  the  inflector  aperture,  and  the 
current  -4A  steers  the  beam  center  into  the  cathode. 
Therefore,  the  current  of  3.45A  steers  the  beam 
horizontally  by  half  the  inflector  aperture,  8 5mm .  It  is 
shown  in  Fig.  1  that  at  the  DH2  current  of  -3.76 A  ,  the 
cathode  voltage  is  raised  by  2  KV  at  the  end  of 
stacking.  Decreasing  the  current  by  0.2A  ,  the  cathode 
voltage  is  raised  by  8.6 KV ,  and  another  0.2  A  ,  it  is 
7 KV  .  DH2  current  of  0.2  A  implies  a  05mm  beam 
horizontal  position  shift.  In  comparison,  we  note  that 
the  beam  FWHM  size  was  4 mm ,  and  U  =  l.lmm . 

3  SECONDARY  ELECTRON  YIELD 

Let  us  take  20%  of  the  beam  per  pulse  to  be  responsible 
for  the  scraping  effect  in  producing  SE.  This  is 
6xl08ions.  Thus,  we  have  the  SE  yield  per  lost  gold 
ion. 
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CALCULATION  OF  THE  MAXIMUM  TEMPERATURE  ON  THE  CARBON 
STRIPPING  FOIL  OF  THE  SPALLATION  NEUTRON  SOURCE 

C.J.  Liaw,  Y.Y.  Lee,  J.  Alessi,  J.  Tuozzolo,  BNL,  Upton,  NY  11973 


Abstract 

The  maximum  temperatures  expected  on  both  220  pg/cm2 
and  400  pg/cm2  carbon  foils,  used  to  strip  the  1  GeV  H' 
beam  at  injection  into  the  accumulator  ring  of  the 
Spallation  Neutron  Source  (SNS),  were  determined  by 
finite-element  analysis.  This  beam  will  have  a  pulse 
length  of  1  ms  with  a  repetition  rate  of  60  Hz  and  an 
average  current  over  a  single  beam  pulse  of  18.2  mA.  The 
foil  size  will  be  10  mm  x  30  mm  and  will  be  mounted  in  a 
20  cm  diameter  stainless  steel  beam  pipe  in  the  injection 
area  of  SNS.  In  the  model,  the  heat  generated  in  the  foil 
was  radiated  to  the  wall  of  the  beam  pipe,  which  was 
exposed  to  ambient  temperatures.  The  results  showed 
that  the  maximum  temperatures  were  1728  K  for  the  400 
pg/cm2  case  and  1574  K  for  the  220  pg/cm2  case.  A  225 
pg/cm2  thick  commercial  carbon  foil  was  tested  to  verify 
the  analysis.  The  experiment  used  the  750  keV  H'  beam 
at  the  AGS  Linac,  which  has  a  pulse  length  of  0.5  ms  and 
a  repetition  rate  of  7.5  Hz.  By  using  the  same 
mathematical  model  as  described  above,  the  maximum 
temperatures  on  the  foil  corresponding  to  various  energy 
depositions  were  calculated  and  were  compared  against 
the  carbon  melting  temperature  (3973  K).  The  results 
showed  that:  1.  When  the  predicted  maximum  temperature 
was  above  the  carbon  melting  temperature,  the  foil  failed 
within  1  minute  of  running  time.  2.  When  the  predicted 
maximum  temperature  was  below  the  carbon  melting 
temperature,  the  performance  of  the  foil  was  not  affected 
up  to  the  end  of  our  10  minutes  tests. 

1  INTRODUCTION 

Injection  into  the  accumulator  ring  of  the  Spallation 
Neutron  Source  (SNS)  will  be  done  by  stripping  H'  beam 
provided  by  the  Linac.  A  carbon  foil  [1,2]  will  be  used  to 
fully  strip  the  electrons  at  one  location.  The  foil  will  be 
located  in  the  gap  of  a  dipole  magnet  which  is  part  of  the 
injection  orbit  bump.  The  1  GeV  H'  beam  from  Linac  has 
a  pulse  length  of  1  ms  with  repetition  rate  of  60  Hz  and  an 
average  current  over  a  single  beam  pulse  of  18.2  mA.  The 
energy  lost  on  the  carbon  foil  will  heat  the  foil  and  could 
destroy  it.  The  lifetime  of  the  stripping  foil  will  depend 
on  the  maximum  temperature  of  the  carbon  foil,  the 
repetition  rate  of  the  beam,  and  the  fabrication  method  of 
the  carbon  foil.  The  performance  of  the  foils  fabricated 
by  various  methods  has  been  reported  previously  [3,4,5]. 
This  paper  focuses  on  determining  the  maximum 
temperatures  that  the  carbon  stripping  foil  can  operate  at 
before  failure.  Analysis  was  done  for  220  pg/cm2  and  400 


pg/cm2  foils.  A  225  pg/cm2  thick  carbon  foil  was  tested  to 
verify  the  analysis  result.  More  testing  to  determine  foil 
lifetime  is  planned. 

2  THERMAL  ANALYSIS  OF  THE 
CARBON  STRIPPING  FOIL 

The  carbon  foil  (10  mm  x  30  mm)  will  be  mounted  in 
a  20  cm  diameter  stainless  steel  beam  pipe  in  the  injection 
area  of  SNS.  Fig.  1  shows  the  layout  of  SNS  injection 
foil  and  the  model  that  was  used  for  the  thermal  analysis. 


Fig.  1 :  A  carbon  foil  inside  a  stainless  steel  beam  pipe 
2.1  Assumptions 

The  assumptions  for  the  analysis  are  as  follows: 


SNS  injected  beam  properties  [  1,2 

Kinetic  energy 

1  GeV 

Beam  pulse  length 

1  ms 

Repetition  rate 

60  Hz 

Ave.  beam  current  (1  MW ) 

18.2  mA 

RMS  emittance  (x  &y  dir.) 

0.14  n  mm-mr 

Beta  function 

17.4  m  (x  dir.) 

4.56  m  (y  dir.) 

Beam  current  density 

2-D  Gaussian 

distribution  on  the  foil 

distribution 

Beam  size  @  1-  a 

3.1  mm  (x.dir.) 

1.6  mm  (y.dir.) 

2.  The  power  density,  P,  on  the  carbon  foil  could  be 
derived  using  the  following  equation  [6]:  (for  the  case  of 
stripping  a  1  GeV  H  beam) 

P  =  6837551  xtxl  (W/m2)  (1) 

where  t  is  the  foil  thickness  in  g/cm2  and  I  is  the  current 
density  in  A/m2. 


0-7803-5573-3/99/$  1 0.00@  1 999  IEEE. 
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3.  Material  properties  [7,8]: 


Carbon 

S.  Steel 

Density,  p,  kg/m3 

1900 

8044 

Thermal  cond.,  k,  W/m-K 

(See  Fig.  2) 

16.2 

Heat  Capacity,  c,  J/kg-  K 

(See  Fig.  2) 

502 

Rad.  View  factor,  f 

1 

1 

Rad.  Emissivity,  e 

0.8 

0.05 

c(J/ko*)  k<Wr»-*d 


Fig.  2:  Variation  of  carbon  properties  with  temperatures 

4.  The  convection  coefficient  at  the  outer  surface  of  the 
pipe,  h  =8.17  W/m2-  K 

5.  Stefan-Boltzmann  constant,  a  =  5.67  x  10'8  W/m2-  K4 

6.  Neglect  the  heat  conduction  from  the  foil  to  the  foil 
holder. 

7.  Ambient  temperature,  T0  =297  K. 

8.  Initial  condition:  all  components  @  297  K. 

2.2  Mathematical  models 
1.  The  ANSYS  model 

The  governing  equations  for  the  heat  transfer  analysis  can 
be  expressed  as  follows  [9]: 

On  the  carbon  foil: 

V2Tc+l/(kctc)[P-2afec(T;-Tb4)j=l/acaTyax  (2) 

and  on  the  beam  pipe: 

VX+l/O^a  2ofeb(Tc4-Tb4)  -h(Tb-Tc)]=l/ab3Tb/ax  (3) 
where  V2=  d2/x2+32/y2+92/z2,  ac=k(/pccc,  Tc=  temperature  on 
the  foil,  oc,,  =  kypbcb,  Tb= temperature  on  the  beam  pipe,  tc 
=  thickness  of  the  foil,  x  =  time,  and  all  other  parameters 
are  defined  in  Section  2.1.  Subscript,  b  and  c,  are  for  the 
beam  pipe  and  for  the  carbon  foil  respectively. 

An  ANSYS  model  of  the  system  was  developed  to  solve 
Eq.  (2)  and  Eq.  (3)  simultaneously.  The  beam  properties, 
material  properties,  heat  loads  and  the  other  assumptions 
are  shown  in  Section  2.1.  Due  to  the  significant  property 
changes  of  the  carbon  material  over  a  wide  temperature 
range  [8],  the  heat  capacity  (c)  and  the  heat  conduction 
coefficient  (k)  of  the  carbon  foil  were  modeled  as 


functions  of  the  temperature.  For  the  convenience  of  the 
calculations,  the  best  fitted  polynomials  were  used.  (See 
Fig.  2.)  This  model  included  the  radiation  heat  transfer 
between  the  carbon  foil  and  the  stainless  steel  beam  pipe, 
heat  conduction  through  the  foil  to  its  base,  a  natural 
convection  condition  on  the  outer  surface  of  the  beam 
pipe,  and  a  Gaussian  distribution  for  the  power  density 
from  the  beam  (in  the  x  and  y  directions)  on  the  foil. 
Two  thicknesses,  220  pg/cm2  and  400  pg/cm2,  were 
analyzed.  After  a  few  lengthy  transient  and  non-linear 
numerical  analyses,  the  maximum  temperatures  on  the  foil 
verse  time  are  plotted  in  Fig.  3  and  Fig.  4  (the  continuous 
lines).  The  plots  show  the  initial  four  cycles  when  beam 
first  starts  hitting  the  foil. 

2.The  simplified  model 

For  comparison,  a  simplified  model  was  developed  to 
verify  the  correctness  of  the  finite  element  analysis.  This 
model  neglected  the  heat  conduction  across  the  carbon  foil 
and  assumed  a  constant  temperature  for  the  inner  wall  of 
the  beam  pipe.  Therefore,  Eq.(2)  (for  the  carbon  foil) 
could  be  decoupled  from  Eq.  (3),  which  resulted  in  the 
following  ordinary  differential  equation: 

PcVccc  dTJdx  =  -2a  feA(Tc4-T04)  +  PAC  (4) 

where  Vc  =  volume  of  the  carbon  foil,  Tc  =  temperature  on 
the  carbon  foil,  x  =  time,  Ac  =  area  on  the  foil  surface, 
and  all  other  parameters  are  given  in  Section  2.1.  The 
integrated  results  of  Eq.  (4)  for  the  initial  four  cycles  are 
also  shown  in  Fig.  3  and  Fig.  4.  (See  the  phantom  lines.) 


Fig.  3:  The  maximum  temperatures  on  the  carbon  foil 
verse  time  in  SNS  (area  density:  400  pg/cm2) 


Fig.  4:  The  maximum  temperatures  on  the  foils  verse  time 
(area  density:  220  pg/cm2) 

2.3  Results 

The  analysis  results  are  as  follows:  (1)  The  temperature 
cycles  on  both  400  pg/cm2  and  220  pg/cm2  thick  foils 
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become  stable  after  the  third  heating  cycle.  (2)  During  the 
operation,  the  maximum  temperature  on  the  foil  would 
fluctuate  from  1099  K  to  1728  K  for  the  400  pg/cm2  case 
and  from  910  K  to  1574  K  for  the  220  pg/cm2  case.  (3) 
The  maximum  temperatures  on  the  foil,  which  were 
calculated  by  the  simplified  model  were  slightly  higher 
than  those  computed  by  the  ANSYS  model.  This  is 
because  that  the  simplified  model  does  not  include  the 
heat  conduction  effect  on  the  foil. 

3  CARBON  FOIL  TEST 

Since  there  is  no  pyrometer  fast  enough  to  detect  the 
maximum  temperature  on  the  carbon  foil  while  stripping 
the  H'  beam  with  a  pulse  length  being  shorter  than  1  ms, 
the  following  test  was  used  as  an  alternative  method  to 
verify  the  analysis  results.  This  test  was  based  on  the 
assumption  that  the  carbon  foil  would  fail  within  a  short 
period  of  time  only  if  the  temperature  on  the  carbon  foil  is 
equal  or  higher  than  the  melting  point  of  the  material. 
Using  the  equations  from  Section  2,  the  maximum 
temperatures  on  the  foil  verse  energy  depositions  were 
calculated  analytically.  The  melting  point  of  carbon 
(3973  K)  was  obtained  from  a  handbook  [7].  By 
measuring  the  critical  energy  deposition  above  which  the 
foils  would  fail  immediately  the  analysis  results  could  be 
verified. 

3.1  Test  setup 

The  test  setup  included  a  viewing  box,  an  upstream 
collimator  (a  carbon  rod  with  1  mm  dia.  center  hole),  a 
225  pg/cm2  carbon  foil  (17  mm  x  62  mm)  mounted  on  an 
aluminum  frame.  The  frame  was  mounted  on  a  linear 
drive  mechanism  positioned  by  a  stepping  motor  so 
multiple  shots  at  various  energies  could  be  taken  on  the 
same  foil.  A  Faraday  cup  downstream  of  the  foil  detected 
the  beam  current.  The  carbon  foil  was  made  by  Arizona 
Carbon  Foil  Company.  It  was  glued  onto  the  mounting 
frame  along  one  edge  to  prevent  any  restriction  when  the 
foil  deforms.  The  foil  was  positioned  1.83  cm  away  from 
the  collimator  so  that  the  beam  size  is  very  close  to  the 
aperture  of  the  collimator.  The  750  keV  H'  ion  beam, 
generated  in  Linac  of  BNL,  was  used  in  the  test.  The  pulse 
length  was  0.5  ms  and  the  repetition  rate  was  7.5  Hz. 
Different  energy  depositions  on  the  foil  were  achieved  by 
varying  the  beam  current.  The  test  was  performed  with 
the  foil  under  the  vacuum.  The  beam  size  and  current 
density  at  the  foil  location  were  carefully  measured  before 
the  test,  using  the  emittance  heads. 

3.2  Comparison  between  the  analytical  and  the 
test  results 

The  power  densities  deposited  on  the  carbon  foil  were 
calculated  based  on  the  beam  size  given  by  the  emittance 
measurements,  the  beam  current,  and  the  energy  of  the 
beam.  The  maximum  temperatures  on  the  foil  verse  the 


applied  power  densities  were  derived  by  integrating  Eq. 
(4)  with  the  material  properties,  given  Section  2.1. 

Eight  tests  were  conducted  at  increasing  current  levels. 
(See  Fig.  5.)  The  results  showed  that  (1)  The  beam 
current  densities  that  predicated  a  temperature  above  the 
carbon  melting  temperature  (3973  K)[7]  caused  the  foil  to 
fail  after  <  1  minute  of  running  time.  (2)  The  beam  current 
densities  that  predicted  a  temperature  below  the  carbon 
melting  temperature  did  not  affect  the  performance  of  the 
foil  after  10  minutes  of  testing.  (3)  Even  at  operating 
temperatures  below  the  foil  melting  point  there  was 
permanent  deformation  of  the  foil.  From  the  current 
readings  this  deformation  did  not  affect  the  performance 
of  the  foil. 


Fig.  5:  Comparison  of  the  test  results  with  the  analytical 
calculations 


4  REFERENCES 


[1]  SNS  Project  Design  Manual,  199S,  Brookhaven 
National  Laboratory. 

[2]  SNS  Conceptual  Design  Report,  1997,  Brookhaven 
National  Laboratory. 

[3]  I  Sugai,  et  al,  “Development  of  thick,  long-lived 
carbon  stripper  foils  for  PSR  of  LANL”,  Nucl.  Instr. 
and  Meth.  A  362  (1995)70. 

[4]  M.J.  Borden,  “Long-life  Carbon-fiber-supported 
carbon  stripper  foils”,  Nucl.  Instr.  and  Meth.  A  303 
(1991)63. 

[5]  1  Sugai,  et  al,  “  A  new  method  for  making  long-lived 
carbon  foils  for  heavy  Ion  beam  strippers”,  Nucl. 

Instr.  and  Meth.  A  236  (1985)576. 

[6]  Herbert  L.  Anderson  “  A  Physicist’s  Desk  Reference”, 
2"'  Ed.of  Physics  Vade  Mecum,  AIP,  New  York. 

[7]  Brady,  Clauser,  &  Vaccari,  “  Materials  Handbook” 
14lh  Ed.,  McGraw  Hill  Book  Company. 

[8]  “Handbook  of  Materials  Science”,  CRC  Press,  2"d  ed., 
Vol  III. 

[9]  J.P.  Holman,  “  Heat  Transfer”  S0'  Ed.,  McGraw  Hill 
Book  Company. 


3302 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 
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Abstract 

Hands-on  maintenance  of  the  Spallation  Neutron  Source 
(SNS)  Accumulator  Ring  requires  an  uncontrolled  beam 
loss  of  less  than  InA/m.  A  collimator  system  will  be  used 
to  obtain  this  low  uncontrolled  beam  loss.  Some  beam 
dynamics  questions  related  to  the  collimators  have  been 
studied.  Various  factors  are  optimised  with  the  given  SNS 
ring  lattice  such  as  collimating  tube  length,  location, 
number  of  collimators,  aperture  size  of  primary 
collimators  and  secondary  collimators,  and  collimator 
material.  The  beam  dynamics  studies  indicate  that 
movable  shielding  may  be  necessary  for  a  few  hot  places 
downstream  of  the  primary  collimators  and  also  that 
secondary  collimators  could  be  designed  according  to 
their  significantly  less  activation.  These  simulations 
indicate  that  with  proper  collimation  the  uncontrolled 
beam  loss  requirements  of  the  SNS  accumulator  ring  may 
be  achievable. 

1  INTRODUCTION 

The  Spallation  Neutron  Source  (SNS)  is  the  most 
powerful  pulsed  neutron  source  under  construction  [1]. 
With  a  repetition  rate  of  60  Hz,  the  SNS  accelerates  a 
proton  beam  up  to  1  GeV  with  1  MW  initial  beam  power 
that  is  to  be  upgraded  to  2  MW.  SNS  operation  requires 
acceleration  of  intense  beam  for  which  space  charge 
effects  may  play  an  appreciable  role.  It  is  understood  that 
a  certain  level  of  beam  loss  is  unavoidable  during 
operation  of  the  accumulator  ring  that  comes  from  various 
sources  such  as  halo  generation  due  to  the  space  charge 
force,  magnet  non-linearity,  errors  and  harmonic 
modulations  etc.  Hands-on  maintenance  requires  that 
uncontrolled  beam  loss  should  be  less  than  1  nA/m,  which 
corresponds  to  1  ppm  of  1  MW  beam  power  per  meter.  In 
order  to  meet  the  beam  loss  requirement,  a  special 
betatron  collimator  system  is  needed  which  can  absorb 
halo  protons  and  contain  activation  due  to  secondary 
particles. 

Betatron  and  momentum  collimation  in  circular 
accelerators  has  been  studied  [2-4].  Collimation  in  a  linear 
collider  was  also  studied  [5],  A  very  effective  collimator 
was  designed  at  BNL  [6]  by  using  the  LAHET  Code 
System  [7].  However,  there  remain  a  few  questions  that 
need  to  be  answered  with  beam  dynamics.  These 
questions  are  as  follows: 

•  What  is  the  optimal  length  of  the  inner  collimating 
tube  of  the  collimators? 

•  What  are  the  number  and  location  of  collimators? 


‘Work  supported  by  DOE  under  contract  No.  DE-AC05-96OR22464. 


•  What  should  the  aperture  size  of  secondary 
collimators  be  with  respect  to  that  of  the  primary 
collimators  to  minimise  the  activation  of 
downstream  beam  line  components? 

•  On  what  components  and  what  level  of  activation 
should  be  expected  downstream  from  the 
collimators? 

•  What  material  should  be  used  for  the  inner 
collimating  tube? 

•  How  much  residual  halo  is  anticipated  from  the 
collimators? 


CAM 


Figure  1:  Layout  of  the  SNS  accumulator  ring. 

2  RESULTS 

To  answer  these  questions  numerical  simulation  were 
performed  with  the  ACCSIM  H-  injection  code  [8].  The  x 
(y)  bare  tunes  of  the  SNS  accumulator  ring  lattice  were  set 
at  5.82  (5.80).  With  these  tunes  the  numerical  simulation 
of  injection  with  space  charge  indicates  that  about  0.5%  of 
the  beam  is  generated  as  halo  protons  with  emittance 
greater  than  180  7t  mm  mad.  The  maximum  number  of 
particles  that  can  be  tracked  is  about  400,000,  which  is 
much  too  small  to  get  statistically  meaningful  data  to  one 
part  in  a  million.  Consequently,  from  the  0.5%  halo 
particles  obtained  from  the  numerical  simulation  with 
space  charge,  we  constructed  100,000  halo  particles  and 
tracked  them  without  space  charge  for  the  collimator 
simulation.  However,  due  to  other  errors,  we  assume  that 
about  1%  of  beam  will  appear  as  halo  protons.  The 
collimators  are  rectangular. 
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•  Length  of  inner  collimating  tube 
When  halo  protons  hit  a  collimator  face,  some  of  them  are 
not  absorbed  and  scattered  back  into  the  collimating  tube 
with  large  transverse  momentum.  These  protons  are  either 
removed  at  the  later  part  of  the  collimating  tube  or 
scattered  into  the  collimating  tube  again  as  shown  in  Fig. 
2.  Consequently,  there  are  always  scattered  protons 
spewed  out  from  the  downstream  end  of  a  collimator.  The 
vertical  line  and  dots  in  Fig.  2  at  3.5  m  represent  these 
particles  where  a  downstream  quadrupole  is  located,  and 
those  protons  that  have  larger  transverse  displacement 
than  100  mm  at  that  point  may  activate  the  quadrupole.  It 
is  most  effective  to  have  a  long  inner  collimating  tube  as 
possible  in  order  to  reduce  the  activation  of  the 
downstream  quadrupole  and  beam  pipe.  Of  course,  a 
longer  collimator  is  more  expensive  to  build  and  space  is 
limited.  The  simulations  indicate  that  at  least  a  2-m  or 
longer  collimating  tube  is  required. 
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-150.0 


trajectory  of  1  GeV  proton  in  iron  collimator 
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Figure  2:  The  trajectory  of  protons  in  the  collimators.  The 
length  of  the  collimator  is  2.4  m  (upper  plot)  and  1.0  m 
(lower  plot).  The  line  at  3.5  m  represents  the  scattered 
protons  where  a  downstream  quadrupole  is  located. 


•  Number  and  location  of  collimators 

Due  to  the  difference  in  phase  advance  between  the  x  and 
y  planes,  and  also  due  to  the  scattered  protons  from  the 
downstream  end  of  a  collimator,  it  is  necessary  to  place  a 
collimator  in  every  drift  space.  Consequently,  four 
collimators  are  required  to  minimise  the  activation  of 
downstream  components.  The  Collimator-4  loss  fractions 
are  listed  in  Tables  1  and  2  and  these  fractions  justify  the 
need  for  a  fourth  collimator.  Figure  2  shows  that  the 
scattered  protons  out  of  a  collimator  usually  have  large 
transverse  momenta  and  reach  the  beam  pipe  aperture 
quickly.  To  minimise  the  activation  of  downstream 
quadruples  from  these  scattered  protons,  the  distance 
between  a  collimator  and  the  following  quadrupole  should 
be  minimised.  The  minimum  distance  is  set  at  1.0  m  to 
reserve  space  for  maintenance  and  installation. 


•  Aperture  size  of  secondary  collimators 
The  aperture  of  the  primary  collimators  is  set  to 
180#  mm  mrad.  The  aperture  of  secondary  collimators 
should  be  set  large  enough  to  avoid  direct  interception  of 
halo  protons  and  yet  be  small  enough  to  intercept  the 
scattered  protons  from  the  upstream  primary  collimators. 
Numerical  simulations  with  space  charge  indicate  that  the 
aperture  of  the  secondary  collimators,  as  shown  in  Fig.3, 
should  be  about  210#  mm  mrad  for  the  2  MW  SNS  ring. 


Secondary  collimators 


\ 


Halo 

t/  $ 

N, 

Primary  collimator 


Figure  3:  Schematic  drawing  of  the  aperture  of  primary 
and  secondary  collimators. 


Table  1 :  Loss  fractions  verse  collimator  configurations. 


Case  1 

Case  2 

Collimator  1 

57.94  % 

88.30  % 

QD 

0.30  % 

0.46  % 

Pipe  2 

1.40% 

2.61  % 

Collimator  2 

35.24  % 

6.60  % 

QF 

0.19% 

0.03  % 

Pipe  3 

1.40% 

0.08  % 

Collimator  3 

2.71  % 

1.03  % 

QD 

0.01  % 

0.01  % 

Pipe  4 

0.04% 

0.01  % 

Collimator  4 

0.47  % 

0.20  % 

QF 

0.  % 

0.  % 

Pipe  5 

0.01  % 

0.01  % 

Pipe  6 

0.02  % 

0.01  % 

Pipe  7 

0.02  % 

0.02  % 

Pipe  8 

0.05  % 

0.04% 

Pipe  9 

0.01  % 

0.  % 

Pipe  10 

0.  % 

0.  % 

Pipe  1 1 

0.05  % 

0.02  % 

Pipe  12 

0.10% 

0.06  % 

Pipe  13 

0.01  % 

0.01  % 

Pipe  14 

0.  % 

0.  % 

Sum  of  Pipes  5  to  14 

0.27  % 

0.17% 

Clearly  Collimator  1  should  be  primary  and  Collimators  3 
and  4  secondary.  Table  1  lists  loss  fractions  at  each 
component  if  Collimator  2  is  primary  (Case  1)  or  if 
Collimator  2  is  secondary  (Case  2).  When  Collimator  2  is 
an  additional  primary  collimator  (Case  1),  the  scraping  of 
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halo  particles  is  faster  and  the  load  of  Collimator  1  is 
reduced.  However,  the  summed  activation  level  of 
downstream  components  is  less  if  Collimator  2  is 
secondary  (Case  2). 

•  Downstream  activation  and  collimator  material 
Table  2  lists  loss  fractions  for  both  iron  and  tungsten 
collimating  tubes.  The  collimator  configuration  of  Case  2 
is  used  where  Collimator  1  is  the  only  primary  collimator 
with  aperture  size  180#  mm  mrad  and  Collimators  2,  3 


Table  2:  Loss  fractions  verses  collimator  material. 


Fe  ( p  =7.87) 

W  ( =19.3) 

Collimator  1 

88.30  % 

95.41  % 

QD 

0.46  % 

0.31  % 

Pipe  2 

2.61  % 

1.18% 

Collimator  2 

6.60  % 

2.18  % 

OF 

0.03  % 

0.01  % 

Pipe  3 

0.08  % 

0.04% 

Collimator  3 

1.03% 

0.28  % 

QD 

0.01  % 

0.  % 

Pipe  4 

0.01  % 

0.  % 

Collimator  4 

0.20  % 

0.04% 

QF 

0.  % 

0.  % 

Pipe  5 

0.01  % 

0.  % 

Pipe  6 

0.01  % 

0.  % 

Pipe  7 

0.02  % 

0.01  % 

Pipe  8 

0.04% 

0.02  % 

Pipe  9 

0.  % 

0.  % 

Pipe  10 

0.  % 

0.  % 

Pipe  11 

0.02  % 

0.01  % 

Pipe  12 

0.06% 

0.02  % 

Pipe  13 

0.01  % 

0.  % 

Pipe  14 

0.  % 

0.  % 

Sum  of  Pipes  5  to  14 

0.17  % 

0.06  % 

Figure  4:  Beam  line  element  labels  used  in  Tables  land  2 
where  the  beam  circulates  in  clockwise  direction. 


for  scattering;  however  lead  produces  a  lot  of  secondary 
neutrons. 

3  CONCLUSION 

The  main  problem  in  obtaining  statistically  accurate  loss 
fractions  is  the  limitations  on  computing  power.  In  order 
to  get  a  statistically  meaningful  accuracy  down  to  0.01%, 
at  least  0.1  billion  halo  particles  are  necessary.  From  the 
2D  PIC  code  simulations,  it  is  shown  that  about  0.5%  of 
the  beam  appears  as  halo  with  emittance  greater  than 
180#  mm  mrad.  Therefore  at  least  20  billion  macro 
particles  would  need  to  be  injected  and  tracked  in  the  SNS 
ring  to  do  the  simulations  properly,  which  greatly 
surpasses  current  computing  capability. 

Nevertheless,  these  simplified  initial  numerical 
simulations  indicate  that  the  required  uncontrolled  beam 
loss  of  InA/m  may  be  achievable  with  a  properly  designed 
collimation  system.  The  simulations  indicate  that  long 
collimating  tubes  made  from  heavy  metal  would  be  most 
effective.  The  collimators  need  to  be  located  as  close  as 
possible  to  the  next  downstream  quadrupole.  Four 
collimators  should  be  used,  but  the  halo  load  on  the  last 
two  collimators  could  be  significantly  less  than  on  the  first 
two.  Movable  shielding  may  be  necessary  for  a  few  hot 
places  downstream  of  the  primary  collimator.  More 
detailed  numerical  simulations,  including  turn  by  turn  halo 
growth  from  the  space  charge  effect,  need  to  be  carried 
out. 
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and  4  are  secondary  collimators  with  aperture  size 
210#  mm  mrad.  Clearly  dense  material  is  more  effective 
in  removing  halo  particles  and  subsequently  reducing 
downstream  activation  levels.  However  tungsten  is  very 
expensive.  Calculations  indicate  that  lead  is  very  effective 
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Abstract 

Twenty-seven  window  frame  dipole  magnets  requiring 
spectrometer-like  fields  were  made  for  the  IR-FEL  at  the 
Thomas  Jefferson  National  Accelerator  Facility.  These 
magnets  incorporate  Purcell  gaps,  mu  metal  pole  faces  and 
adjustable  field  clamps.  After  outlining  their  specifications, 
this  paper  describes  the  processes  used  in  magnet 
manufacturing,  the  program  of  magnetic  mapping  used,  as 
well  as  the  adjustments  made  to  meet  tight  optics-driven 
requirements.  Described  are  the  measurements  made  to 
quantify  fringe  fields,  verify  field  homogeneity,  map  core 
and  integrated  field  as  a  function  of  current,  and  characterize 
the  horizontal  and  vertical  focusing  terms  designed  into  the 
dipoles.  Also  described  are  the  techniques  that  were 
successfully  used  to  tune  individual  magnets  to  meet  the 
tight  tolerancing  of  all  these  parameters. 

1  INTRODUCTION 

Twenty-seven  dipoles  in  six  families  were  required  for  the 
injection,  extraction  and  recirculation  beam  paths  (Table  1) 
of  the  1  kW  IR  Demonstration  Free-Electron  Laser  at  the 
Thomas  Jefferson  National  Accelerator  Facility  (Jefferson 
Lab).  The  FEL  [1]  achieves  higher  efficiency  by  recycling 
the  spent  electron  beam's  energy.  The  injector  for  the 
accelerator  produces  a  10  MeV,  5  mA  CW  electron  beam. 
The  injected  beam  is  accelerated  to  42  MeV  using  a  single 
CEBAF-style  cryomodule.  A  wiggler  and  optical  cavity 
produce  light  in  the  3  to  6.6  pm  range.  A  set  of  transport 
arcs  recirculate  the  beam  exiting  the  wiggler  back  through 
the  cryomodule  for  energy  recovery. 

Table  1 :  Dipole  Family  Characteristics 


Family  and  Lise 

Qty. 

Effective 

Length 

Core  Field 

m 

kG 

DU  -  Injection/ 
Extraction 

7 

0.21 

0.45  -  0.67 

DV  -  Injection/ 
Extraction 

2 

0.43 

0.45  -  0.67 

DW  -  Optical 
Chicane 

8 

0.41 

1.04  -  2.48 

'Him 

H 

0.51 

1.10  -  2.64 

DQ-  Recirculation 

Reverse  Jog 

0.51 

1.10-2.64 

bb— 

2 

3.14 

1.10-2.64 

*Work  supported  by  the  U.S.  DOE  under  Contract  #DE-AC05- 
84ER40150 

#  Email:  biallas@jlab.org 


All  magnets  met  their  tight  specifications  only  after 
being  extensively  measured,  adjusted  and  re-measured  at  the 
Magnet  Measurement  Facility  at  Jefferson  Lab.  The 
recirculation  magnets  were  designed  for  use  up  to  79  MeV, 
and  were  characterized  between  their  37  and  79  MeV 
operating  currents.  Table  1  lists  family  characteristics. 

2  SPECIFICATIONS 

Specifications  for  the  dipoles  derived  from  a  beam 
performance  driven  error  budget  [2],  This  error  budget 
evolved  to  ensure  that  stringent  beam  handling 
requirements  would  be  met  during  commissioning  and 
operation  of  the  FEL,  which  demands  both  production  of  a 
properly  configured  phase  space  at  the  wiggler  and  the 
management  and  energy  recovery  of  a  very  low  energy  (40 
MeV),  high  current  (5  mA  CW)  electron  beam. 

The  transport  system  relies  on  the  dipoles  to  both  bend 
and  focus  the  beam.  Consequently,  both  field  integral  and 
absolute  field  magnitude  must  fall  within  specified 
tolerances.  Stringent  requirements  on  beam  performance 
also  demand  that  an  accurate  representation  of  all  dipole 
focusing  effects  be  included  in  the  machine  description. 
Dipole  end  field  roll-off  (Kj)  profiles  must  therefore  be 
known  and  included  in  machine  modeling  [3]. 

These  constraints  must  be  fulfilled  to  high  precision  at 
relatively  low  field  (-1  kG),  a  limitation  imposed  by  the 
low  electron  beam  energy  and  a  design  philosophy  that 
attempted  to  avoid  excessively  strong  bending  and  focusing 
(with  attendant  sensitivities  to  chromatic  effects  and  field 
inhomogeneities).  The  constraints  must,  in  addition,  hold 
over  a  relatively  large  working  aperture  to  accommodate  a 
high  current  beam  that  will,  in  some  instances,  exceed 
horizontal  dimensions  of  10  cm  or  more.  The  resulting 
specification  suite  is  summarized  in  Table  2. 


Table  2:  Dipole  Field  Quality  Specifications 


Characteristic 

Tolerance 

Excitation  - 
absolute  core  field  error 

EHHEEIISsr 

Field  quality  -  variation  of 
core  field  and  field  integral 
over  full  working  aperture 

AB/B  <  10'4 

ABL/BL  <  10-4 
(0.1  G  at  1  kG) 

End-field  roll-off  integral 
Ki=0.27 

±0.05  family  to  family, 
±0.005  within  family 

Transverse  aperture  -  focal 
length  error  tolerance 

CTp.y/  (Jp  <  6.25  x  10'4/m 

3  DESIGN 

The  lessons  learned  in  the  prototype  effort  [4]  were 
included  in  the  production  designs.  The  Purcell  gap  [5]  and 
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mu  metal  pole  tip  were  the  greatest  aid  to  transverse 
uniformity.  Saddle  coils  and  field  clamps  also  contributed 
uniformity  while  reducing  fringe  fields  and  stabilizing  the 
end  field  roll-off.  Adjustability  of  field  clamps  along  the 
beam  axis  provided  first  and  second  order  adjustment  of  the 
field  integral.  The  prototype  effort  also  taught  us  to  take 
extra  care  to  evenly  distribute  conductors  in  the  window 
frame  gap  to  avoid  nonuniformity. 

Two  prudent  improvements  were  added.  We  widened  the 
magnets  to  expand  the  expected  zone  of  good  field  and  we 
placed  the  coil  terminations  away  from  the  yokes  to  avoid 
any  unbalanced  induction  in  the  yokes  [6]. 

Brass  was  chosen  to  form  the  Purcell  (non-magnetic) 
gap  because  it  is  an  acceptable  match  to  the  thermal 
expansion  of  iron  and  mu  metal.  Even  with  small 
differences  in  thermal  expansion  of  bonded  materials,  a 
shear  stress  develops  at  the  edges.  We  specified  a  3  mm 
wide  bullet  shaped  taper  to  all  edges  of  the  brass.  Finite 
element  analysis  [7]  showed  this  reduces  peak  shear  stress 
in  the  bond  at  the  edge  from  7.5  MPa  to  5.1  MPa  with  a 
17  C  temperature  excursion. 

We  attached  the  Purcell  gap  and  mu  metal  material  to 
the  pole  tip  with  epoxy  because  this  method  attained 
simple  and  reliable  placement  of  these  materials  against 
one  another  to  the  required  accuracy.  We  selected  an  epoxy 
with  average  bond  strength  but  low  viscosity  because  it 
squeezed  out  of  the  bond  area  under  5  atmospheres  of 
pressure  to  a  predictable  and  reproducible  minimum 
thickness  of  about  25  )tm. 

The  most  difficult  specification  to  achieve  was  the  field 
integral  uniformity  of  ABL/BL  <  10'^.  This  tolerance 
implies  that  the  entire  good  field  region  of  the  5  cm  gap 
has  a  tolerance  budget  of  5  to  10  |im.  In  our  designs  many 
parts  share  this  tolerance  budget  in  series.  The  critical 
dimensions  were  (1)  the  height  of  the  return  leg  pieces;  (2) 
the  flatness  of  the  two  pole  faces  and  the  thicknesses  of  (3) 
the  two  Purcell  gap  sheets,  (4)  the  two  mu  metal  sheets 
and  (5)  their  four  epoxy  bonds. 

4  MANUFACTURING 

4.1  Material  Considerations 

To  promote  uniform  high  permeability,  all  dipole  yoke 
parts  were  given  a  hydrogen  anneal  [8]  before  their  final 
machining  cut.  We  made  the  parts  for  the  field  clamps  out 
of  1018,  cold  rolled  steel  because  tests  showed  no 
performance  difference.  The  cost  advantage  was  that  only 
sawing  and  drilling  holes  were  necessary.  The  remaining 
surfaces  were  used  as  received. 

4.2  Fabrication 

These  magnets  required  individual  custom  fabrication  in 
order  to  achieve  the  tolerances  required  of  the  pole  gaps. 
Uniformity  of  the  height  of  the  return  legs  at  l/10th  the 
budget  level  was  achieved  by  our  contractors 
subcontracting  the  work  to  specialty  grinding  vendors 
while  the  pole  slabs  were  machined  flat  within  1/2  the 
budget  by  the  vendors  themselves. 

No  supplier  of  brass  or  mu  metal  sheet  would  consider 
supplying  those  materials  to  the  micron  level  tolerances 


we  required.  Instead,  in  cooperation  with  our  vendors,  we 
custom  selected  these  parts  from  stock  material.  The  brass 
sheet  was  uniform  within  10  microns  over  the  central  80% 
of  a  four  foot  wide  sheet  and  consistent  along  its  length. 
Jefferson  Lab  personnel  inspected  the  mu  metal  at  the 
vendor’s  supplier.  The  mu  metal  was  found  to  be  similarly 
uniform  over  80%  of  its  3  foot  wide  sheet  while  it  varied 
stepwise  along  its  length.  Consequently,  we  used  material 
only  out  of  these  zones  of  high  tolerance. 

If  all  four  sheets  were  randomly  superposed,  the 
thickness  variation  was  beyond  tolerance.  Instead,  we  cut 
and  oriented  the  pieces  so  that  the  deviations  would  cancel. 
For  example,  a  piece  of  mu  metal  with  a  taper  in  thickness 
was  paired  opposite  a  piece  with  the  reverse  of  the  taper. 
For  the  magnet  families  that  shared  the  same  power 
supply,  the  gaps  had  to  correlate  at  the  25  pm  level.  Since 
we  knew  the  stackup  of  the  actual  thicknesses  of  the  sheet 
materials,  we  revised  the  specification  for  the  height  of  the 
return  legs  (which  hadn’t  been  final  machined)  so  that  the 
gaps  of  all  the  related  magnets  fell  within  their  assigned 
tolerance. 

4.3  Assembly 

As  one  of  the  four  successful  bidders,  (a  single  coil 
fabricator  and  three  yoke  manufacturers)  Everson  Electric 
received  the  fixed  price  contract  to  assemble  the  magnets 
on  a  "best  effort"  basis.  Trial  gluings  of  sheet  materials  to 
sample  yoke  slabs  were  funded  as  development  items  in  the 
contract.  These  first  trial  gluings,  using  a  press,  gave 
Everson  the  confidence  to  proceed  with  most  of  the 
magnets.  Additional  trial  gluings  were  necessary  for  the 
two  Pi  (180°)  Bends  because  of  their  size  and  because  the 
magnets  had  the  complication  of  staggered  seams  in  the 
sheet  materials.  In  the  Pi  Bend’s  case,  the  5  atmosphere 
pressure  during  gluing  was  achieved  with  its  own  bolts. 

We  specified  taper  pins  as  the  mechanism  to  reestablish 
the  relative  position  of  the  yoke  pole  pieces  upon 
reassembly.  However,  if  care  was  not  taken  during 
assembly,  the  weight  of  the  slabs  interfered  with  the  taper 
pin's  ability  to  jog  the  upper  and  lower  pieces  to  their 
proper  position.  Instead,  the  soft  annealed  iron  would 
"mushroom”  under  the  high  compressive  pressure  caused 
by  the  pin  as  it  was  being  forced  in.  The  mushroomed 
volume  would  distend  into  the  joint  with  the  return  leg 
piece  and  consequently  drive  the  height  of  the  pole  gap  out 
of  specification.  We  experienced  this  problem  with 
magnets  received  from  the  assembly  vendor  and  with 
magnets  reassembled  by  in-house  personnel.  As  a  result, 
only  trained  personnel  are  allowed  to  reassemble  these 
magnets.  Hardened  tooling  pins  and  bushings  installed  in 
the  yoke  parts  at  the  machining  stage  may  be  a  cost 
effective  solution  for  future  designs. 

5.  MAGNET  MEASUREMENT  & 
ADJUSTMENT 

5.1  Measurement  Philosophy 

Our  philosophy  was  to  measure,  adjust  and  measure  until 
the  specifications  were  met.  First  we  would  run  a  suite  of 
absolute  magnetic  measurements  on  the  first  article  of  each 
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family.  (The  Pi  Bends  were  treated  somewhat  differently 
[9].)  Through  a  series  of  iterations,  the  field  clamps  were 
adjusted  and  magnetic  measurements  taken  to  set  the 
effective  length  and  verify  uniformity  of  the  integral 
gradient.  With  the  positions  of  the  clamps  established  for 
the  first  article,  the  field  clamps  of  the  family  were  adjusted 
to  the  identical  positions  and  were  given  the  suite  of 
absolute  measurements  and  the  test  for  integral  gradient 
uniformity.  After  passing  these  tests,  each  member  of  the 
family  was  measured  against  a  member  designated  as  the 
"standard"  in  very  accurate,  bucked  probe  coil 
configuration.  This  test  gave  relative  field  integral 
variation  versus  transverse  position  within  the  family. 

5.2  Inspection 

Magnets  were  inspected  first,  concentrating  on  the  gap  and 
the  field  clamp  position  and  the  centering  of  the  coils  in 
the  yoke.  (After  many  magnets  were  received  and 
measurement  started,  we  found  that  the  saddle  coils  required 
better  constraint  and  consistency  along  the  Z  axis.) 

5.3  Absolute  Measurements 

All  measurements  started  with  2  1/2  cycles  to  highest 
current  and  back  to  zero  followed  by  bringing  the  current 
down  from  high  current  to  the  desired  setting.  This 
established  the  magnet  at  a  reproducible  point  on  its 
hysteresis  loop.  Using  the  Stepper  Stand's  (see  below) 
Group  3  Hall  Effect  Probe  and  Metrolab  NMR  Tesla  meter 

[4],  we  completely  characterized  the  field  in  the  aperture 
and  fringe  zones  for  the  several  levels  of  excitation  of 
interest.  This  data  revealed  absolute  core  field  plus  absolute 
field  integral  to  the  10*3  level  (yielding  effective  length)  as 
well  as  Kj  and  core  field  transverse  flatness. 

Very  adaptable  for  short  runs,  the  Stepper  Stand  uses  the 
probes  mounted  to  an  arm  with  a  height  adjustment  for  "y” 
on  a  cart  that  rolls  on  a  granite  surface  plate.  Readings  are 
taken  along  lines  as  the  cart  is  moved  by  hand  to 
centimeter  scale  marks  for  "z"  along  a  rail  that  is 
repositionable  in  "x".  A  PC-based  data  acquisition  system 
records  the  probe  values  at  each  scale  position. 

5.2  Field  Clamp  Adjustments 

The  initially  measured  effective  length  was  never  the 
design  value.  Adjusting  the  Z  position  of  the  field  clamps 
(to  ±25  (im  accuracy)  corrected  this  error.  At  a  later  stage, 
by  adjusting  the  yaw  of  the  field  clamps,  we  lowered  the 
residual  error  in  the  gradient  integral  to  the  10"^  level.  (In 
retrospect,  a  micrometric  adjustment  for  this  feature  would 
have  been  cost  effective.)  After  acceptance,  the  field  clamps 
were  pinned  in  these  adjusted  positions.  Note  that  Kq  was 
dependent  on  field  clamp  position  but  deviations  were 
always  in  tolerance. 

5.3  Integrating  Coil  Stand 

The  instrument  that  measures  uniformity  of  the  gradient 
integral  and  relative  properties  of  the  family  members  is 
the  Integrating  Coil  Stand.  It  is  an  extension  of  the  motion 
and  resolver  mechanisms  of  the  device  that  measures 
CEBAF  dipoles.  It  consists  of  two  coil  support  sets,  each 
with  a  stationary  portion  and  a  moving  portion  that  is 


driven  identically  with  the  moving  portion  of  the  other  set. 
Each  support  set  is  accurately  mounted  in  the  bore  of  one 
of  the  two  magnets  to  be  compared.  The  standard  magnet 
uses  the  set  with  two  50  turn  Litz  wire  coils.  Unique  to 
this  set  and  mounted  to  its  movable  portion,  a  constant 
area  coil  measures  integral  gradient  uniformity.  A  second 
coil  changes  area,  with  one  coil  segment  mounted  to  the 
movable  portion  of  the  support  while  the  remaining  coil 
segment  is  mounted  to  the  stationary  portion.  This  coil  is 
duplicated  in  the  support  set  mounted  in  the  second 
magnet.  The  signal  from  this  pair  of  changing  area  coils  is 
bucked  as  the  moving  portions  of  the  supports  trace  out 
identical  motions.  The  bucked  signal  resolves  the  field 
integral  variation  between  the  standard  magnet  and  family 
members  compared  to  it  at  the  10'^  level. 

5.4  Additional  Interventions 

Three  families  required  additional  or  further  adjustment. 
The  core  field  in  the  dipoles  at  the  center  of  the  injection/ 
extraction  chicanes  (DVs)  was  stronger  than  the  core  field 
in  the  matching  wedge  magnets  (DUs).  Soft  iron  shims 
added  to  the  return  legs  of  the  DUs  increased  gap  and 
lowered  core  field  to  provide  the  match.  The  DQ  magnets 
didn’t  meet  the  transverse  field  integral  gradient  tolerance. 
A  set  of  four  pole  tip  windings,  run  at  constant  current, 
corrected  the  problem.  A  local  field  ripple  in  the  second 
180°  dipole  was  caused  by  a  combination  of  out-sized 
bullet  nose  tapers  on  the  brass  sheets  at  one  joint  and  a 
coincident  local  thinning  in  the  mu  metal  [9] 

6  CONCLUSION 

By  a  combination  of  exacting  manufacturing,  patient 
magnet  measurement  and  adjustment  by  skilled 
technicians,  twenty  seven  dipoles  in  six  families  met  their 
spectrometer  like  field  specifications.  The  quality  journey 
by  all  involved  is  born  out  with  the  attainment  of  3.8  mA 
recirculated  beam  achieving  710  W  (5  mA  &  1000  W  goal) 
at  an  early  stage  of  commissioning  of  the  EEL  [1]. 
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Abstract 

The  CEBAF  accelerator  at  the  Thomas  Jefferson  National 
Accelerator  Facility  contains  415  resistive  dipoles  in  the 
recirculation  arcs  and  transport  lines.  These  dipoles  were 
originally  designed  and  magnetically  mapped  to  support 
the  operation  of  the  accelerator  at  6  GeV.  Recent  interests 
in  upgrading  the  CEBAF  energy  beyond  6  GeV  prompted 
a  study  into  operating  the  dipoles  beyond  their  design 
limits.  Finite  element  modeling  was  performed  to 
quantify  saturation  effects  at  higher  currents  and  to  test 
simple  modifications  to  improve  magnetic  performance. 
For  confirmation,  various  setups  were  prototyped  and 
magnetically  measured.  Measurement  results  agreed  with 
finite  element  models  and  showed  that  saturation  could  be 
reduced  to  manageable  levels.  It  was  found  that  the  most 
populous  dipole  families  could  be  modified  to  reach  twice 
their  design  field  with  minimal  cost  and  effort.  At  these 
higher  fields,  the  magnets  operate  at  a  reasonable  thermal 
state  with  minimal  saturation  losses  and  little  degradation 
in  field  quality.  Work  continues  on  studying  the  smaller 
populations  of  dipoles  to  determine  their  performance  at 
higher  fields. 

1  INTRODUCTION 

CEBAF  is  a  4  GeV  electron  accelerator  producing  CW 
beams  for  nuclear  physics  research.  The  accelerator 
consists  of  a  45  MeV  injector  and  two  parallel  400  MeV 
superconductor  linacs.  The  beam  is  recirculated  through 
both  linacs  four  additional  times  to  achieve  4  GeV  of  total 
acceleration.  Multiple  beams  can  be  extracted  after 
selected  orbits  and  delivered  to  any,  or  each,  of  the  three 
experimental  halls. 

The  2,200  magnets  in  the  accelerator  were  designed  and 
magnetically  measured  to  support  an  eventual  upgrade  to 
6  GeV.  Refinements  in  SRF  cavity  performance  [1][2] 
have  succesfully  increased  the  linac  energies  and 
produced  beams  for  physics  as  high  as  5.5  GeV.  A  run  up 
to  6  GeV  is  scheduled  for  next  year. 

A  proposal  is  being  formulated  to  increase  the  energy  of 
the  existing  five-pass  machine  to  1 1  GeV  with  delivery  to 
the  three  existing  halls.  An  additional  6 “  pass  through  one 
linac  would  increase  the  energy  to  12  GeV.  The  12  GeV 
beam  would  only  be  delivered  to  a  new,  and  fourth, 
experimental  hall. 
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A  study  is  underway  to  determine  the  feasibility  of 
operating  the  existing  magnets  at  nearly  double  their 
design  fields.  Quadrupoles,  sextupoles,  and  trim 
correctors,  which  make  up  the  bulk  of  the  magnet 
population,  have  adequate  range  in  most  instances.  Only  a 
small  number  of  these  magnets  would  need  to  be  replaced. 
The  largest  magnet  expense,  and  the  most  difficult  to 
characterize,  are  the  main  bending  dipoles.  This  paper 
describes  simple  modifications  to  a  typical  CEBAF  dipole 
that  significantly  improves  the  magnet’s  performance  at 
the  higher  fields. 

2  BASELINE  DIPOLE 

The  majority  of  the  bending  dipoles  (390  out  of  415)  share 
a  common  design.  They  consist  of  a  solid  C-shaped  core 
of  modified  1006  steel  and  pancake  coils  wound  from 
hollow  copper  conductor  and  potted  in  epoxy.  The 
“ common  arc  dipole ”  typifies  these  magnets  and  was 
chosen  as  the  subject  for  modeling  and  prototyping.  A 
cross  section  of  this  magnet  is  shown  in  Figure  1. 


The  dipoles  were  magnetically  mapped  up  to  300  amps  to 
meet  the  original  6  GeV  design  goal.  The  upgraded  dipole 
would  need  to  run  close  to  600  amps.  Rather  than 
compromising  one  of  the  existing  spare  arc  dipoles,  a  new 
magnet  was  fabricated.  Care  was  chosen  to  use  steel  from 
the  same  heat  as  the  production  magnets  and  follow 
identical  annealing  conditions.  The  fabricated  magnet 
was  a  “BB”  style  of  magnet  which  has  the  cross  section 
shown  in  Figure  1  and  a  steel  pole  length  of  2  meters. 

The  BB  prototype  was  powered  up  to  600  amps  and 
measurements  were  made  of  its  magnetic  and  thermal 
properties.  [3]  A  point-by-point  mapping  was  made  inside 
the  pole  gap  using  Hall  and  NMR  probes.  Results  from 
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measurements  showed  the  field  began  saturation  at  400 
amps  and  was  reduced  by  18%  (from  linearity)  at  600 
amps. 

To  better  understand  the  saturation  effects,  the  BB  cross 
section  was  modeled  using  the  PC-OPERA  2D  finite 
element  package  [4].  A  plot  of  the  percent  saturation  is 
shown  in  Figure  2  for  the  measured  and  PC-OPERA  data. 
As  expected,  the  main  area  of  saturation  was  the  return 
leg  of  the  dipole.  A  PC-OPERA  contour  plot  of  the  B 
field  amplitude  is  shown  in  Figure  3. 


Saturation  vs  Current 


Figure  3:  PC-OPERA  Model  of  Baseline  BB 


3  MODIFIED  DIPOLE 

The  excessive  saturation  needed  to  be  eliminated  in  order 
to  reduce  power  supply  requirements.  Adding  steel  to  the 
return  leg  could  reduce  saturation  effects  in  the  magnet. 
However,  this  is  the  side  of  the  magnet  containing  the  coil 
terminations  and  the  side  that  faces  the  support  stands  in 
the  accelerator  enclosure.  A  more  simplistic  fix  would 
involve  adding  a  second  return  leg  to  the  outside  of  the 
magnet.  That  is,  convert  the  C-shaped  core  to  a  modified 
H-shaped  core.  This  solution  has  several  rewarding 
mechanical  features.  It  faces  the  aisle  of  the  accelerator 
enclosure  that  permits  installing  the  extra  steel  without 
having  to  remove  the  magnets  from  their  mounts.  Further, 
the  existing  coil  supports  can  be  removed  and  the  same 
bolt  pattern  used  to  hold  the  added  steel,  and  in  turn, 
support  the  coils. 


Modeling  was  made  in  PC-OPERA  of  the  BB  cross 
section  with  the  added  H-Steel.  The  design  goal  is  to  find 
the  minimal  amount  of  steel  required  that  brings  the 
saturation  to  an  acceptable  level.  Figure  4  shows  that  in 
the  optimized  model  a  3.8  cm.  thick  side  leg  and  5.1  cm. 
thick  top/bottom  legs  would  reduce  saturation  to  the  one 
percent  level.  The  required  H-steel  pieces  were 
prototyped  from  commercial  1006  steel,  annealed,  and 
mounted  to  the  magnet.  The  steel  pieces  were  deliberately 
mounted  over  the  existing  paint  on  the  magnet  to  test  the 
effect  of  the  small  paint  gap.  Having  to  not  scrape  paint 
from  the  mating  surfaces  would  significantly  ease  future 
installation  efforts.  A  photograph  of  the  BB  with  H-steel 
is  shown  in  Figure  5. 


Figure  4:  PC-OPERA  Model  of  BB  with  Added  H-Steel 


Figure  5:  BB  with  Added  H-Steel 

Magnetic  measurements  were  performed  on  the  BB  with 
the  added  H-Steel .  The  measured  data  agreed  with  PC- 
OPERA  modeling  to  within  0.6%  and  showed  that  the 
saturation  was  reduced  to  below  one  percent  (Figure  2.) 

4  FIELD  PROFILE 

Also  of  concern  was  that  the  transverse  good  field  was  not 
compromised  from  pole  tip  saturation.  Transverse  profile 
measurements  were  made  inside  the  core  using  a  hall 
probe  at  300  and  600  amps.  Figure  6  shows  a  decrease  in 
the  0.1%  good  field  region  from  7.0  to  6.5  cms.  This 
measurement  was  repeated  when  the  H-steel  was  added  to 
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the  core  and  a  minimal  change  in  the  profiles  was 
observed. 


Measured  Transverse  Core  Field  Profile 


Transverse  Position  (cm.) 


Figure  6:  Core  Profile 

The  core  field  measurements  show  a  small  loss  in  good 
field,  but  the  accelerator  specification  is  based  on  the 
longitudinal  field  integral.  Existing  magnet  measurement 
probes  capable  of  this  measurement  were  based  on  the 
open  C-shaped  cores  and  integrated  along  a  straight  line. 
The  closed  off  cores  created  by  the  added  H-steel  and  the 
request  for  integrals  along  a  beam-following  curved 
trajectory  have  complicated  measurement  efforts.  Until 
measurement  data  is  available,  OPERA-3D  [4]  can  be 
used  to  model  these  profiles.  Figure  7  shows  an  OPERA- 
3D  profile  of  the  gradient  integral  at  300  and  600  amps. 
Even  at  the  high  currents,  these  magnets  still  meet  the 
accelerator  specification. 
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Figure  7:  Gradient  Integral  Profile 


5  THERMAL  MEASUREMENTS 

In  addition  to  magnetic  measurements,  the  thermal 
properties  at  the  higher  current  were  studied.  The  magnet 
was  outfitted  with  thermocouples  to  measure  the  steel  core 
and  cooling  water  temperatures.  To  represent  the  highest 
power  magnet  in  the  accelerator,  the  water  flow  was  set  to 
2.12  GPM  and  the  dipole  powered  to  550  amps.  The 
cooling  water  temperature  increased  from  29.4°C  to 
66.6°C  and  the  steel  core  reached  an  equilibrium 
temperature  of  39.1°C.  The  total  input  power  to  the 


magnet  was  16.9  kW  and  the  output  power  matched 
within  two  percent.  These  are  acceptable  operating 
temperatures  and  calculations  are  underway  to  determine 
the  need  for  additional  plant  cooling. 

6  OTHER  DIPOLES 

As  mentioned  earlier,  the  BB  was  chosen  to  be  prototyped 
since  its  cross  section  represents  the  largest  population  of 
bending  dipoles.  The  remaining  dipoles  consist  of  twenty 
families  differing  in  cross  section  and  coil  turns.  Design 
efforts  for  these  magnets  will  rely  heavily  on  finite 
element  analysis  routines  and  less  prototyping.  This  is 
justified  from  the  excellent  agreement  between  finite 
element  models  and  measured  data.  To  characterize  the 
limitations  of  these  magnets,  a  considerable  amount  of 
PC-OPERA  and  OPERA-3D  modeling  is  underway. 
Those  families  that  experience  the  return  leg  saturation 
can  be  improved  by  the  addition  of  H-steel.  In  some 
cases,  coil  turns  can  be  added  into  the  pole  gap  to  reduce 
pole  tip  saturation  and  maximize  the  transverse  good  field. 

7  CONCLUSIONS 

An  effort  is  underway  to  study  the  feasibility  of  pushing 
the  existing  CEBAF  magnets  beyond  their  design 
capabilities.  Simple  and  cost  effective  modifications  can 
be  made  to  the  majority  of  the  bending  dipoles  to  achieve 
the  required  field  strengths.  Finite  element  modeling  and 
magnetic  measurements  were  performed  to  support  this 
study.  Measurements  also  verified  the  thermal  integrity  of 
the  magnets  and  that  field  quality  was  not  compromised. 
Work  continues  on  characterizing  the  smaller  populations 
of  bending  dipole  families. 
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Abstract 

A  family  of  large  bending  dipoles  has  been  successfully 
magnetically  measured,  installed  and  is  operational  in  the 
high  power  IR-FEL.  These  magnets  are  unique  in  that 
they  bend  the  beam  180  degrees  on  a  1  meter  radius.  The 
optics  requirements  for  the  magnets  include  low  fields, 
large  horizontal  apertures,  tight  field  homogeneity,  high 
repeatability  of  core  field  &  integrated  field,  and  control 
of  the  horizontal  &  vertical  focusing  terms  that  are 
designed  into  the  magnets.  Quantifying  the  optics 
requirements  proved  to  be  a  difficult  task,  due  to  the 
magnet’s  mechanical  construction  and  sharp  bending 
radius.  The  process  involved  in  measuring  and  achieving 
the  results  are  discussed. 

1  INTRODUCTION 

The  ffee--electron  laser  at  the  Thomas  Jefferson  National 
Accelerator  Facility  has  delivered  its  1“  light  and  in  the 
process,  broken  the  record  for  power  developed  by  a  free- 
electron  laser  by  seventy  times  (710  watts)[l].  In  order  to 
increase  the  power  to  the  desired  1  kW  level,  the  beam  is 
re-circulated  through  the  elements  to  the  CEBAF-style 
SRF  cryomodule.  At  the  return  legs  of  the  transport 
system  are  the  pi-bend  dipole  magnets.  The  pi-dipoles 
have  a  design  bend  radius  of  1  meter  and  a  bend  angle  of 
180°.  In  conjunction  with  these  physical  constraints  were 
very  tight  tolerances  for  the  magnetic  field  measurements. 
The  physical  design  of  the  magnets  required  that  a  new 
test  stand  for  the  magnetic  measurements  be  developed. 

2  MAGNET  MEASUREMENT 
REQUIREMENTS 

The  lattice  design  of  the  IR-FEL  was  tightly  constrained 
due  to  the  low  energy,  high  current,  and  the  5%  relative 
momentum  spread  of  the  re-circulated  beam  [2],  The  pi- 
bending  dipoles  are  one  of  6  families  that  are  used  for 
beam  transport  in  the  IR-FEL.  The  total  number  of 
dipoles  is  27.  Table  1  summarizes  the  operating  range 
requirements  for  the  pi-bends.  Table  2  displays  the 
specifications  for  the  mechanical  design  values.  The 
optical  and  design  values  are  listed  in  Table  3[3]. 
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Parameter 

Minimal 

Nominal 

Maximum 

Energy  (MeV) 

33 

42 

79 

Field  (kG) 

1.1008 

1.4010 

2.6352 

Current  (amps) 

87.49 

111.35 

209.45 

Table  1:  Dipole  Operating  Range 


Parameter  (Unit) 

Value 

Distance  between  Coils  (cm) 

16.51 

Length  of  Iron  (cm) 

309.02 

Gap  (cm) 

5.08 

Table  2:  Mechanical  Design  Values 


Parameter  (Unit) 

Value 

Hysteresis  Loop  Current  (amps) 

0  -»  220  -»  0 

Maximum  Voltage  (volts) 

57.8 

Effective  Length  (cm) 

314.16 

Good  Field  Width  (cm) 

11.00 

End-Field  roll-off  integral  (unitless) 

0.27 

Longitudinal  field  uniformity 

2xl03/10cm 

Table  3:  Optical  and  Design  Values 


Measurement  of  the  absolute  core  and  integrated  fields 
of  the  pi-bends  was  important  since  they  were  to  be 
powered  in  series  with  several  of  the  other  dipole 
families.  Precise  control  of  excitation  errors  to  avoid  poor 
steering  and  focusing  was  necessary[4].  The  tolerances 
for  the  magnetic  field  are  listed  in  Table  4[3]. 


Constraint 

Tolerance 

Reproducibility  of  integrated  field 

lxl0J 

Accuracy  of  core  field 

lxlO3 

Accuracy  of  integrated  field 

lxlO'3 

Tracking  within  dipole  family 

lxlO3 

Table  4:  Dipole  excitation  error  tolerances  (rms.) 


3  TEST  STAND /PROBE  CART 

3.1  Hardware  Setup 

The  pi-bend  magnet  presented  many  challenges  when  it 
came  time  to  magnetically  map  the  field.  Typically,  bend 
magnets  at  Jefferson  Lab  have  been  either  an  open  face 
‘C’  magnet  design  or  one  of  a  linear  nature  where  a  probe 
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could  be  translated  through  the  entire  region.  The  1  meter 
bend  radius  of  the  pi-bend  magnets  did  not  allow  this.  A 
probe  mounted  to  a  straight  rod  could  only  be  inserted  a 
few  centimeters  into  the  magnet. 

A  precisely  manufactured  wheel  and  cart  which  held 
two  Group  3  Hall  Effect  Probes  and  two  Metrolab  NMR 
Teslameters  was  devised.  The  measurement  wheel  was 
manufactured  in  4  sections  allowing  the  magnet  to  be 
leveled  and  positioned  precisely  to  a  granite  table  without 
having  to  split  the  magnet.  A  sheet  of  25mm  aluminum 
plate  was  placed  upon  the  granite  table  to  facilitate  the 
positioning  of  the  wheel  relative  to  the  magnet.  Figure  1 
shows  the  magnet  aligned  to  the  table  and  the  wheel.  The 
long  rod  that  hangs  over  the  table  was  used  to  move  the 
wheel  through  the  dipole. 


Figure  1:  Test  Stand,  DY  Magnet  and  Measurement 


Wheel 

Once  the  magnet  was  positioned  relative  to  the  table,  the 
wheel  was  threaded  through  the  core,  piece  by  piece.  The 
bottom  of  the  wheel  was  covered  with  a  Teflon  base 
which  allowed  easy  movement  of  the  wheel.  Precision 
tooling  balls  had  been  placed  onto  the  magnet  during 
manufacture  using  a  CNC  machine  to  a  tolerance  of 
±0.08  millimeters.  To  ensure  that  the  wheel  was 
properly  centered  about  the  magnet,  a  theodolite 
alignment  check  was  carried  out.  This  verified  the 
precision  of  the  wheel  and  how  well  it  had  been  centered 
about  the  pole  face  (approximately  ±  0.15  millimetres). 

To  ensure  that  all  areas  of  the  good  field  would  be 
mapped,  the  four  probes  were  attached  to  a  1mm  thick 
G10  panel,  parallel  to  each  other  and  separated  by 
22.2mm.  The  two  Hall  Probes  were  mounted  on  the 
outside  of  the  panel,  with  the  two  NMR  probes  in  the 
middle  positions.  This  panel  was  then  mounted  to  the 
cart,  and  moved  to  seven  different  transverse  positions  on 
the  cart,  one  for  each  longitudinal  measurement  sequence. 
The  seven  positions  (separated  by  11.1mm)  covered  the 
good  field  region  by  collecting  data  at  radii  ranging  from 
93.3  cm  to  106.7  cm.  This  in  turn  provided  a  method  for 
verifying  the  Hall  Probe  calibration  by  overlapping  a 


NMR  probe  path  and  a  Hall  Probe  path  along  the  same 
radial  path. 

3.2  Measurement  Sequence 

Figure  2  shows  the  beginning  of  the  path  that  the 
longitudinal  measurements  take.  The  Is1  measurement 
begins  30  centimeters  perpendicular  to  the  entrance  point 
of  the  magnet.  At  this  position  the  wheel  is  not  moved, 
but  rather  the  cart  travels  along  a  slot  notched  in  the 
measurement  wheel.  The  cart  continues  in  a  straight  line 
until  the  entrance  point  is  reached. 


Figure  2:  Plan  View  Cart  and  Pi-Bend  Entrance 

At  the  entrance  point,  the  cart  was  locked  to  the  wheel  and 
then  rotated  through  the  magnet  until  the  exit  point  was 
reached.  At  the  exit,  the  cart  was  unlocked  from  the 
wheel  and  measurements  were  taken  along  a  30 
centimetre  line  perpendicular  to  the  exit.  Figure  3  shows 
the  cart  entering  the  magnet.  Seven  runs  were  taken, 
moving  the  G10  sheet  holding  the  probes  to  a  new  radial 
position  on  the  cart.  Probe  readings  were  taken  at  each  of 
the  361  positions  along  the  path.  Distances  between 
measurements  varied  from  1  centimetre  outside  the 
magnets  field,  to  2  millimetres  at  the  exit  and  entrances  to 
the  magnet,  and  5  centimetres  in  the  body  of  the  magnet 
where  the  field  was  consistent. 


Figure  3:  Cart  Entering  Pi-Bend  Magnet 


3313 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


4  ANALYSIS 

4.1  Probe  Position  Calibration 

The  longitudinal  positions  consisted  of  2  straight  line 
portions  combined  with  a  unique  radial  component  for 
each  of  the  seven  positions.  The  wheel  was  checked 
dimensionally  using  a  precise  survey  and  then  aligned  to 
the  magnet  using  tooling  balls.  A  scale  taped  to  the 
outside  edge  of  the  wheel  and  a  pointer  attached  to  the 
aluminium  plate,  determined  wheel  position  along  its  path. 
Based  on  each  of  these  positions,  the  precise  location  of 
the  probes  could  be  determined  anywhere  in  the  core. 

4.2  Probe  Calibration 

Hall  probes  accuracy  is  dependant  on  the  probe’s 
perpendicularity  to  the  field.  To  correct  for  this  the  hall 
probes  were  calibrated  relative  to  the  NMR  probes.  This 
was  achieved  by  positioning  the  cart  at  the  approximate 
magnet  center  and  recording  hall  and  NMR  values  at 
currents  from  220  amps  to  80  amps  in  10  amp  steps.  This 
calibration  was  taken  with  the  hall  probes  at  the  extreme 
outer  positions  and  once  when  they  straddled  the  center  of 
the  core. 

4.3  Magnetic  Data  Calculation 

Four  measurement  probes  were  read  using  the  Jefferson 
Lab  Stepper  Stand  Data  Acquisition  code  developed  using 
National  Instruments  Lab-Windows®  software.  The 
output  files  were  then  analyzed  using  Microsoft  Excel®. 

4.4  Results 

Data  for  the  1“  of  the  two  pi-magnets  was  acquired  and 
analyzed  with  little  difficulty.  There  was  some  concern 
about  the  final  effective  length  values  (average  deviation  - 
0.125%  )  and  the  end-field  roll-off  integral  (K,  deviation 


Figure  4:  Deviation  Field  Integral  vs  Radius  DY001 


Figure  5:  Longitudinal  Field  Uniformity  DY001 


The  2nd  pi-magnet  proved  to  be  more  cantankerous.  As 
the  data  was  being  gathered  and  analyzed,  problems 
became  obvious.  The  calibration  of  the  hall  probes  in  the 
magnet  center  gave  values  that  were  similar  to  the  first 
dipole,  but  once  the  longitudinal  values  were  used  as  a 
check  on  this  calibration,  it  appeared  that  there  were  large 
swings  in  the  field  strength,  dependant  upon  location.  As 
there  were  only  2  magnets  in  the  sample,  concerns  arose 
as  to  the  validity  of  the  measurement  method. 

The  magnet  was  disassembled  to  check  for  the  source 
of  the  inconsistencies.  The  problem  was  traced  to  the 
installation  of  a  brass  layer  between  the  poles  and  top 
layer  of  mumetal.  The  mumetal  and  brass  layers  had  been 
added  to  the  poles  to  improve  field  flatness[4].  These 
layers  were  reworked  and  the  magnet  reassembled. 
Measurements  then  continued  and  results  similar  to  the 
first  dipole  were  obtained. 

5  CONCLUSIONS 

The  test  stand  design  proved  to  be  an  efficient  method  to 
accurately  map  the  pi-bend  magnets.  Results  obtained  by 
the  mapping  were  used  in  conjunction  with  the  optical 
steering  of  the  beam  to  assist  in  the  successful  delivery  of 
light  at  the  IR-FEL  facility. 
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Abstract 

Using  an  automated  magnet  measurement  system  employ¬ 
ing  a  variety  of  current  excitation  ramps,  extensive  stud¬ 
ies  of  the  hysteretic  behavior  of  magnet  strength  have  been 
carried  out.  An  analytic  description  which  is  accurate  at 
better  than  0.1%  has  been  achieved.  Prescriptions  for  set¬ 
ting  field  strength  using  these  formulas  will  be  adequate  for 
multi-energy  operation  of  the  Fermilab  Main  Injector,  for 
deceleration  in  the  Main  Injector  and  Accumulator  and  for 
multi-energy  operation  of  various  beamline  magnets.  An 
overview  of  this  work  is  provided.  Important  regularities 
of  the  magnet  behavior  are  identified. 

1  INTRODUCTION 

Accelerator  and  Beam  Line  systems  at  Fermilab  have  a 
variety  of  operating  modes  which  require  knowledge  of 
the  hysteretic  behavior  of  magnet  systems.  Measurement 
strategies  have  been  developed!  1]  to  achieve  the  needed 
knowledge  of  the  behavior  of  a  variety  of  magnet  systems. 
To  prescribe  the  current  vs.  time  profile  which  matches  a  re¬ 
quired  field  strength  vs.  time  requires  further  development. 
Interpolation  schemes  are  made  complex  by  the  strong  de¬ 
pendence  of  the  field  on  current  history  in  addition  to  the  de¬ 
pendence  on  magnet  current.  A  strategy  of  restricting  oper¬ 
ation  to  use  only  excitation  histories  which  match  measured 
histories  would  permit  a  simple  interpolation  but  is  consid¬ 
ered  unnecessarily  restrictive.  A  scheme  which  attempts  to 
properly  interpolate  in  both  preparation  history  and  mag¬ 
net  current  is  assumed  to  be  of  sufficient  complexity  as  to 
compromise  algorithmic  reliability.  We  choose  to  develop 
an  analytic  description  of  sufficient  complexity  and  preci¬ 
sion.  Using  this  description,  software  which  controls  the 
magnet  power  supplies  can  calculate  the  field  strength  pro¬ 
duced  at  all  times  along  any  prescribed  magnet  current  his¬ 
tory.  The  goal  of  this  work  was  to  achieve  a  relative  strength 
error  of  a  few  parts  in  10,000  at  all  strengths  for  a  variety  of 
ramping  options  which  match  all  known  requirements.  The 
measurements  were  designed  with  the  hope  of  characteriz¬ 
ing  any  simplifying  regularities  over  a  range  beyond  any  ex¬ 
pected  operational  requirements. 

2  RAMP  PROFILES  FOR 
MEASUREMENTS 

Based  on  experience  in  characterizing  various  magnet  sys¬ 
tems,  we  have  assumed  that,  for  the  magnets  under  study 
which  have  copper  coils,  iron-dominated  field  shapes  and 
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yokes  comprised  of  thin  laminations  (1.5  mm  typical  thick¬ 
ness),  the  field  is  essentially  static  when  the  current  is  con¬ 
stant.  Measurements  are  performed  at  constant  current  us¬ 
ing  a  rotating  full  length  cylindrical  coil.  Coil  rotation  times 
are  characteristically  about  1  second  and  the  rotation  begins 
many  milliseconds  after  the  completion  of  current  changes. 
Eddy  current  and  flux  flow  effects  are  largely  complete  fol¬ 
lowing  each  current  change  before  measurements  begin. 

We  use  the  term  ramp  to  characterize  a  portion  of  a  larger 
ramp  cycle[2]  in  which  the  sign  of  dl/dt  is  constant.  The  re¬ 
set  current  for  a  ramp  occurs  at  the  beginning  of  the  ramp 
where  the  sign  of  dl/dt  has  just  changed.  For  this  analysis 
we  describe  a  preset  current  which  is  the  reset  current  of  the 
immediately  preceding  ramp.  We  believe  that  reversals  of 
the  sign  of  dl/dt  prior  to  the  preset  current  have  small  ef¬ 
fects. 

The  current  control  has  proven  to  be  very  precise,  per¬ 
mitting  repeated  measurements  at  the  same  current  setting 
to  achieve  the  same  value  to  «  3  x  10~5.  However  the  cur¬ 
rent  measurement  involves  additional  electronics  and  has 
shown,  for  some  of  the  studies,  changes  of  more  than  1  A. 
Some  of  the  analysis  will  employ  a  recalibration  of  the  re¬ 
quested  current  rather  than  using  the  measured  current. 

3  TYPICAL  HYSTERESIS  STUDY  DATA 

In  Figure  1  we  show  the  non-linear  portion  of  the  measured 
strength  of  a  Main  Injector  dipole  as  measured  on  a  pat¬ 
tern  of  current  histories.  We  note  a  pattern  which  we  de¬ 
scribe  by  an  upramp  or  downramp  state.  These  states  are 
approached  approximately  exponentially  following  a  rever¬ 
sal  of  dl/dt.  We  identify  these  as  upramp  or  downramp  hys¬ 
teresis  curves.  They  may  depend  at  most  weakly  on  the  re¬ 
set  and  preset  current.  We  identify  the  strength  curve  which 
connects  from  the  down  ramp  hysteresis  curve  at  reset  and 
approaches  the  upramp  curve  as  the  interjacent  curve. 

Figures  2  and  3  explore  limits  to  the  algorithms  we  are 
developing.  We  see  that  the  field  remaining  after  a  ramp 
depends  weakly  on  the  peak  current  to  which  it  was  driven 
(downramp  reset  current).  After  a  reset,  the  magnetic  state 
approaches  the  upramp  or  the  downramp  state  closely  but 
small  differences  remain. 

This  small  effect  becomes  even  smaller  after  the  field 
is  reversed  again.  We  explored  this  with  a  different  study 
in  which  the  upramp  response  was  examined  after  preset 
currents  of  9500  A  and  7100  A.  The  measurement  was  re¬ 
peated  six  times  for  each  preset  current.  The  results  in  Fig¬ 
ure  4  confirm  that  there  is  an  effect.  Ramping  from  0  A 
to  500  A  has  greatly  decreased  the  magnitude  of  this  pre¬ 
set  current  dependence.  We  conclude  that  the  difference 
in  strength  between  7100  A  (120  GeV)  preset  currents  and 
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IDA114-0 


Figure  1 :  Measured  non-linear  strength  for  IDA  1 14-0  with 
a  variety  of  histories.  The  linear  response  is  characterized 
by  fitting  the  strength  for  currents  below  2000  A  (about  0.8 
T)  after  excitation  to  about  9500  A.  Each  plot  shows  data 
at  many  currents  on  an  upramp  to  9500  A  then  on  a  down 
ramp  to  0  A.  Upramp  data  is  shown  using  filled  circles  while 
downramp  data  uses  open  circles.  On  the  upper  right  is  also 
data  on  down  ramps  following  a  variety  of  peak  currents. 
On  the  upper  left  data  on  up  ramps  following  a  variety  of 
reset  currents  is  shown.  The  lower  left  plot  shows  the  com¬ 
plete  data  set.  The  lower  right  plot  expands  the  data  near 
the  peak  of  the  saturation. 


Remanent  Field  Changes  with  Peak  Excitation 


IDA  114-0  Hysteresis  Study  Data 


Figure  2:  Remanent  changes  for  IDA114-0. 

9500  A  (150  GeV)  is  4.4  ±  2.4  x  10-5  T-m.  Measure¬ 
ments  at  nearby  currents  determine  the  change  in  strength 
for  a  change  in  the  preset  current.  At  500  A,  we  observe  a 
change  of  1.75  x  10“5  T-m/A.  This  predicts  that  a  change 
of  less  than  3  A  in  the  reset  current  would  compensate  dif¬ 
ferences  between  120  GeV  and  150  GeV  ramp  preset  cur¬ 
rents.  Since  the  nature  of  these  effects  is  not  known,  we  are 
not  surprised  that  measurements  of  related  effects  using  the 
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Figure  3:  Remanent  changes  for  IQB310-1. 
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Figure  4:  Studies  of  changes  in  Main  Injector  dipole  injec¬ 
tion  field  after  120  GeV  and  150  GeV  ramps. 

beam  momentum  to  sense  the  field  showed  that  nearly  20  A 
was  needed  in  a  preliminary  measurement[3], 

4  ANALYTIC  DESCRIPTION 

To  describe  the  data  shown  in  Figure  1  above,  we  consider 
the  magnet  strength  M  (f  B\dl ,  f  B?dl  or  f  B^dl)  to  be 
comprised  of  four  terms,  L  (linear),  R  (remanent),  H  (hys- 
teretic)  and  J  (interjacent) .  We  continue  to  explore  suitable 
expressions  for  these  contributions  but  find  that  the  goals 
stated  above  are  met  with  the  following  functional  relations: 

M(I,  Ir,  Ip,  D)  = 

L(I)  +  R(IP,  D)  +  H(I,  D)  +  J(I,  Ir,  Ip,  D) 

where  I  is  the  magnet  current  during  the  measurement,  Ir  is 
the  reset  current,  Ip  is  the  preset  current,  and  D  is  the  ramp 
direction  with  +1  for  upramps  and  -1  for  downramps.  We 
express  the  relations  with  normalized  variables  to  provide 
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consistency  of  representation  among  magnets.  Use  I  scale  as 
a  maximum  current  of  interest  (rounded)  and  Is  as  a  char¬ 
acteristic  current  for  saturation. 


R(IP,  D)  =  RemStro  +  RemSlpo  *  (IP  -  hcale ) 


H(I,D)  = 

Ci  *  I / Iscale 


Note  that  H  is  defined  to  have  the  value  0  at  I  =  0.  Each 
parameter  is  distinct  for  the  upramp  or  downramp  curve  and 
could  be  expressed  as  hio  or  Cm  ■  Two  forms  have  been 
used  for  fitting  J: 

J(I,Ir,Ip,D)  =  A(/r,7p>JD)(Se'S+(l-s)e~S) 

J(I,Ir,Ip,D)  =  A(Ir,Ip,D)e-{^)N 

where  TV  is  a  real  number,  typically  less  than  1 .  The  ampli¬ 
tude  function  A  is  the  difference  in  hysteresis  curves  at  the 
reset  current. 

A(Ir,Ip,D)  = 

H{Ir,  -D)  -  H(Ir,  D)  +  R(IP ,  -D)  -  R(IP,  D). 

A  software  system  to  extract  data  from  the  Sybase  mea¬ 
surement  database  and  fit  the  results  using  MINUIT[4]  has 
been  developed  with  Perl  and  FORTRAN.  If  all  parameters 
are  released  for  fitting,  the  system  is  usually  not  stable  so  a 
manual  interaction  is  interposed  to  permit  separate  fitting  of 
various  subsets  of  the  parameters. 

Data  from  IDA1 14-0  and  IQB3 10-1  have  been  fitted  suc¬ 
cessfully.  Residuals  reveal  a  pattern  (not  random)  sug¬ 
gesting  that  the  structure  of  the  data  is  yet  to  be  fully  ac¬ 
counted  for  with  these  fitting  functions.  However,  the  pat¬ 
tern  remaining  confirms  that  the  parameters  which  control 
the  shape  of  the  inteijacent  curves  are  the  same  over  a  wide 
range  of  magnet  excitation  levels.  The  relative  magnitude 
of  the  residuals  is  less  than  3  x  10-4  at  all  currents  for  both 
of  these  data  sets  when  compared  to  the  full  magnet  strength 
at  the  same  current.  This  is  sufficient  for  existing  accelera¬ 
tor  control  needs.  Figure  5  shows  portions  of  the  fits  at  low 
fields  to  the  non-linear  portion  of  the  strength  along  with  the 
resisuals  for  all  the  data.  We  plan  to  characterize  the  full  set 
of  measurements  for  Main  Injector  dipoles  and  quadrupoles 
by  fitting  the  available  production  measurements  to  deter¬ 
mine  the  linear,  hysteretic,  and  remanent  terms,  constrain¬ 
ing  the  remanent  slope  and  the  inteijactent  terms  from  the 
special  study  data.  Parameters  used  for  the  commission¬ 
ing  of  the  Main  Injector[3]  were  determined  from  these  two 
magnet  measurements  but  with  cruder  fits  to  a  simpler  func¬ 
tion,  achieving  residuals  of  about  0.1%. 
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Figure  5:  Selected  data  from  the  IDA  1 14-0  hysteresis  study 
were  fit  with  the  interjacent  curve  described  by  2  exponen¬ 
tials.  Top  plot  shows  fits  to  the  selected  upramp  data.  Cen¬ 
ter  and  lower  plots  show  residuals  (measured  -  fitted)  on 
scales  which  emphasize  the  low  field  and  high  field  results. 

5  SUMMARY 

Measurement  plans  and  analysis  tools  have  been  developed 
for  studying  the  hysteretic  magnetic  strength  of  accelera¬ 
tor  and  beamline  dipole,  quadrupole  and  sextupole  magnets 
which  experience  excitation  currents  of  only  one  polarity. 
Guidance  for  changing  currents  during  tuning  or  for  multi¬ 
energy  operation  of  beamline  is  obtained  directly  from  plots 
of  the  non-linear  strengths.  For  a  more  detailed  understand¬ 
ing,  we  have  developed  a  model,  expressed  in  analytic  fit¬ 
ting  functions  which  describes  the  strength  of  electromag¬ 
nets  in  terms  of  distinct  hysteretic  states  for  upramp  and 
downramp  operation,  with  transitions  between  these  states 
which  are  described  by  inteijactent  curves.  We  suspect  that 
an  adequate  description  might  become  more  complex  for 
symmetric  or  asymmetic  bipolar  operation.  However,  sex- 
tupoles  which  have  been  measured  with  modest  excitations 
with  reversed  current  still  show  similar  behavior. 
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Abstract 

Measurements  of  230  6-meter  and  136  4-meter  dipoles 
constructed  for  the  Fermilab  Main  Injector  were  carried 
out  as  part  of  the  magnet  production  effort.  An  automated 
measurement  system  provided  data  on  magnetic  field 
strength  and  shape  using  several  partially  redundant 
systems.  Results  of  these  measurements  are  available  for 
each  individual  magnet  for  use  in  accelerator  modelling. 
In  this  report  we  will  summarise  the  results  on  all  of  the 
magnets  to  characterise  the  properties  which  will  govern 
accelerator  operation. 

1  INTRODUCTION 

Over  the  last  decade  the  Fermilab  Main  Injector  and  its 
magnets  have  been  planned  [1,2],  designed  [3, 4,5, 6] 
prototyped  [7,8,9,10],  produced  [11,12],  measured 
[13,14,15,16,17,18],  installed  [19],  and  commissioned 
[20,21].  Every  dipole  has  been  measured  thoroughly, 
providing  a  rich  set  of  data  that  is  used  for  magnet 
assignments  and  beam  modeling.  Here  we  present  an 
overview  to  give  a  flavor  of  the  Main  Injector  dipoles. 

In  all,  230  6-meter  and  136  4-meter  dipoles  were  built 
and  measured,  including  spares.  These  may  be  divided 
into  several  groups  whose  behavior  differs  for  well- 
understood  reasons:  1)  Six  6-m  R&D  dipoles,  2)  Six  4-m 
R&D  dipoles,  3)  the  first  46  6-m  dipoles,  4)  the  balance  of 
the  6-m  dipoles,  and  5)  the  balance  of  the  4-m  dipoles. 
Groups  1  and  2  were  built  with  steel  from  Vendor  A. 
Group  2  was  built  too  long  by  2.5-mm.  Group  3  was  built 
all  or  in  part  from  steel  from  Vendor  B’s  first  production 
run.  Groups  4  and  5  were  built  entirely  with  steel  from 
Vendor  B’s  later  runs. 

The  integrated  strength  and  the  harmonic  composition 
of  the  magnetic  field  was  measured  at  multiple  currents 
using  a  rotating  tangential  probe  that  extended  through  the 
magnet  following  the  path  of  the  beam.  Field  strength  and 
shape  were  also  measured  using  an  integrating  coil  that 
could  be  held  on  center  as  the  current  ramped  or  moved 
transversely  at  a  fixed  current.  A  sample  of  magnets  was 
further  measured  with  an  NMR  and  Hall  probe  package 
that  scanned  the  magnet  longitudinally. 
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2  MAGNET  STRENGTH 

Groups  4  and  5  define  our  nominal  magnet  strength  at 
each  current.  The  mean  strength,  including  the  4-m 
magnets  weighted  at  2/3  of  the  6-m  magnets,  was 
calculated  for  each  current.  Deviations  from  that  strength 
(for  the  6-m  magnets)  or  from  2/3  of  that  strength  (for  the 
4-m  magnets)  are  normalized  to  the  nominal  strength  of 
the  6-m  magnets.  These  deviations  are  quoted  here  in 
"units"  of  parts  in  104. 

Figure  1  shows  the  distribution  of  deviations  of  magnet 
strength  from  nominal  for  all  magnets  as  a  function  of 
magnetic  field.  The  profile  is  dominated  by  a  narrow 
peak  around  the  nominal  strength  composed  primarily  of 
Groups  4  and  5.  The  standard  deviation  of  the 
distribution,  due  to  variations  in  magnet  length,  magnet 
gap,  steel  properties,  and  random  measurement  errors,  is 
in  the  range  of  2  to  4  units. 


Figure  1:  Main  Injector  dipole  magnet  strength 
distribution  as  a  function  of  field.  The  field  ranges  from 
the  injection  value  of  0.1  T  to  its  peak  of  1.75  T. 

A  second,  lower  ridge  branches  from  the  main  stem  at 
about  0.3  T  and  diverges  to  lower  strength  roughly 
linearly.  These  are  Group  3  magnets  with  early  steel 
from  vendor  B.  [22]  A  handful  of  magnets  appear  below 
the  nominal  peak  at  0.1  T,  and  the  same  magnets  appear 
above  the  peak  around  1.5  to  1.6  T.  These  are  Groups  1 
and  2  showing  first  a  lower  remanent  field  and  then 
slower  saturation.  A  modification  to  the  back  leg  has 
allowed  us  to  match  the  nominal  field  at  1.4  T  and  at 
1.7  T,  though  it  runs  high  in  between.  [23]  The  identity  of 
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Figure  2:  Distribution  of  magnet  strength  at  four  key 
excitations. 

these  groups  of  magnets  is  clear  in  the  histograms  of 
Figure  2  which  represent  slices  though  the  Figure  1 
mountain  range. 

The  hysteresis  in  the  dipoles  has  also  been  studied.  The 
variety  of  operational  modes  requires  that  it  be  included  in 
control  systems  calculations.[24,25] 


Figure  3:  Multipole  components  of  the  dipole  magnets  as 
a  function  of  magnetic  field.  The  ordinate  scales  vary. 

3  HARMONICS 

We  characterize  the  variation  of  the  magnet  field  across 
the  aperture  by  the  coefficients  of  its  harmonic 
decomposition.  The  coefficient  we  quote  is  the  fraction  of 
the  field  due  to  the  component  in  question  at  25.4  mm 
(typical  of  the  maximum  beam  size)  relative  to  the  dipole 
component  in  "units"  or  parts  in  104. 
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Figure  3  shows  the  distribution  of  the  normal  sextupole, 
octupole,  decapole,  and  12-pole  as  a  function  of  magnetic 
field.  The  error  bars  represent  one  standard  deviation. 
Note  that  the  plots  extend  below  the  injection  field  of 
0.10  T.  As  expected,  we  see  some  contribution  of  even 
terms  as  the  steel  saturates,  reflecting  the  symmetry  of  the 
magnet,  but  the  design  and  fabrication  process  minimizes 
the  antisymmetric  terms. 

In  operation,  a  significant  sextupole  field  is  also 
generated  by  eddy  currents  in  the  beam  tube.  [26,27] 

4  CONCLUSION 

Although  the  variation  in  steel  properties  prevented  the 
overall  Main  Injector  dipole  strength  variation  from 
meeting  expectations,  within  a  steel  run  the  uniformity 
was  excellent.  The  field  shapes  meet  the  project 
requirements.[28]  The  non-standard  magnets  have  been 
assigned  locations  in  the  ring  where  they  produce  small, 
local  two-bumps,  minimizing  their  impact  on  the  closed 
orbit.[29].  Care  has  been  taken  to  reserve  a  suitable 
collection  of  spare  magnets  to  allow  replacement  of  any 
magnet  with  a  like  magnet. 

Purchasing  all  the  steel  before  the  project  was  funded 
would  have  alleviated  the  strength  variation  by  increasing 
the  uniformity  of  the  steel  and  permitting  homogenization 
of  the  magnet  cores.  In  the  end,  the  cost  and  schedule 
savings  enabled  by  the  phased  steel  purchases  justify  the 
extra  effort  required. 
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Magnetic  Field  Alignment  in  the  Beam-Beam  Compensation  Device 

C.  Crawford,  A.  Serv,  V.  Shiltsev,  FNAL ,  Batavia,  IL 
A.  Aleksandrov,  B.  Skarbo,  B.  Sukhina,  BINP,  Novosibirsk,  Russia 


Abstract 

Guiding  solenoidal  magnetic  field  of  the  Tevatron  beam- 
beam  compensation  device  has  to  be  carefully  aligned  with 
respect  to  a  straight  trajectory  of  the  antiproton  beam.  We 
present  in  this  paper  an  optical  method  which  allows  to 
measure  the  direction  of  the  magnetic  field,  results  of  mag¬ 
netic  measurements,  and  results  of  the  field  quality  im¬ 
provement  with  dipole  correctors. 

1  INTRODUCTION 

Beam-beam  interactions  in  the  planned  Tevatron  upgrades 
Run  II  and  TEV33  will  cause  betatron  tune  spread  within 
bunch  as  well  as  bunch-to-bunch  tune  spread  which  will  be 
high  enough  to  enhance  diffusion  of  particles  due  to  high 
order  resonances  and  to  limit  beam  lifetime  and  luminosity. 

Some  of  these  beam-beam  effects  can  be  compensated  by 
use  of  a  counter-traveling  electron  beam  (“electron  lens”) 
with  appropriate  charge  distribution,  which  will  apply  ad¬ 
ditional  linear  or  nonlinear  defocusing  for  the  antiproton 
beam,  while  it  will  pass  through  the  electron  beam  [1], 
Compensation  of  the  beam-beam  effects  only  for  the  an¬ 
tiprotons  is  sufficient  since  the  proton  bunch  population  is 
significantly  higher  than  the  antiproton  bunch  population. 

Parameters  of  the  electron  beam  for  the  beam-beam  com¬ 
pensation  are:  beam  current  Je  =  2  A,  beam  radius  a  = 
1  mm,  beam  length  Le  =  2  m,  energy  Ue  =  10  kV.  The 
electron  beam  should  be  bom  in  a  weak  magnetic  field,  and 
then,  in  order  to  provide  sufficient  “rigidness”  of  the  elec¬ 
trons  and  also  to  increase  the  electron  current  density  by 
means  of  the  adiabatic  magnetic  compression  of  the  beam, 
injected  and  transported  in  a  strong  longitudinal  magnetic 
field.  Considerations  of  electron  beam  distortions  by  the 
antiproton  bunch  and  of  a  possible  electron  beam  driven 
head  tail  instability  in  the  antiproton  beam  suggested  that 
the  magnitude  of  the  longitudinal  magnetic  field  in  the  re¬ 
gion  where  the  antiprotons  pass  through  the  electron  beam 
should  be  about  4—5  Tesla,  while  the  field  at  the  cathode  of 
the  electron  gun  should  be  about  0.1-0.2  Tesla  [1], 

2  FIELD  QUALITY  REQUIREMENTS 

The  electrons  are  highly  magnetized  in  a  guiding  magnetic 
field  of  the  beam-beam  compensation  device  and  thus 
follow  the  direction  of  the  field,  while  the  trajectory  of  the 
antiprotons,  due  to  their  high  energy,  is  almost  straight  in 
the  beam-beam  compensation  device.  The  straightness  of 
magnetic  field  is  therefore  essential  for  the  beam-beam 
compensation  to  work  properly.  Deviation  of  the  electron 
trajectory  from  the  straight  line  should  be  Axe  Js  0.1a  that 
is  about  0.1  mm.  The  electron  beam  deviation  is  equal  to: 


Figure  1 :  Prototype  of  the  beam-beam  compensation  de¬ 
vice.  1-  electron  gun,  2-  collector,  3-  4kG  solenoid  with 
16  pairs  of  dipole  corrector  coils,  4-  gun  and  collector 
solenoids,  5- vacuum  pipe,  6- current  input/outputfor  main 
solenoid,  7-  adjustable  supports,  8-  assembly  table. 

Z 

xe(z)  =  J  ( B±/B\\)dz (1) 

The  requirement  on  the  transverse  field  then  depends  on  the 
wavelength  A  of  the  field  imperfection: 

B±(\)/B\\  &  Axe  27t/A. 

For  the  longest  relevant  wavelength  (A  «  2 Le)  we  get 
Bx/Bn  ^  1.5  •  10  4  that  is  comparable  with  what  is  typ¬ 
ically  required  in  electron  cooling  devices.  However,  in 
our  case  the  requirement  becomes  less  stringent  for  shorter 
wavelength  A,  in  contrast  with  electron  cooling  magnetic 
systems.  The  problem  of  the  field  straightness  measure¬ 
ment  and  its  correction  is  nevertheless  an  important  issue, 
which  inspired  development  of  a  suitable  technique  that  has 
been  tested  at  a  prototype  of  the  beam-beam  compensation 
device  recently  commissioned  at  Fermilab  [2], 

The  goals  of  the  prototype  (see  Figure  1)  were  to  obtain  a 
low  energy  (;$  10  kV)  2-meter  long  electron  beam  with  to¬ 
tal  current  up  to  2A  propagating  in  a  precise  solenoid  mag¬ 
net,  to  test  the  current  modulation  in  a  few  MHz  bandwidth, 
and  to  study  the  electron  beam  dynamics.  Parameters  of  the 
experimental  installation  are  about  the  same  as  for  the  full 
scale  device  to  be  used  in  the  Tevatron,  except  for  a  lower 
magnetic  field  and  thus  lower  electron  current  density  in  the 
central  solenoid. 

The  “electron-lens”  prototype  magnetic  system  consists 
of  the  main  solenoid  (2  meter  long,  4  kG  maximum  field) 
and  two  additional  solenoids  (0.5  meter  long,  maximum 
field  about  4  kG)  where  the  gun  and  collector  are  installed. 
The  solenoids  of  the  prototype  are  warm  while  the  full  scale 
device  will  require  the  main  solenoid  to  be  superconduc¬ 
tive.  The  field  in  all  solenoids  can  be  changed  indepen¬ 
dently,  which  provides  a  possibility  to  compress  adiabat- 
ically  the  electron  beam  in  the  main  solenoid  and  also  to 
optimize  the  collector  efficiency  (see  Figure  2).  The  field 
straightness  tolerance  is  applicable  only  to  the  field  in  the 
main  solenoid. 
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The  main  solenoid  consists  of  two  0.96  meter  long  sec¬ 
tions.  The  sections  have  been  designed  and  built  for  an  elec¬ 
tron  cooling  set-up  MOSOL  [3].  The  sections  are  placed  on 
adjustable  supports  which  provides  their  relative  alignment. 
The  coil  of  the  main  solenoid  is  a  precisely  fabricated  single 
layer  copper  spiral  with  32  turns  per  section  and  with  inter¬ 
nal  diameter  20  cm.  The  spiral  cross-section  is  26  x  34  mm, 
the  current  corresponded  to  4  kG  field  is  about  10  kA.  In 
order  to  provide  reliable  electrical  connection  between  two 
sections  with  such  a  high  current  density,  precisely  matched 
flat  surfaces  of  the  corresponding  spiral  edges  of  two  sec¬ 
tions  were  connected  with  high  stress  provided  by  four  ti¬ 
tanium  wedge  bolts.  Total  force  applied  to  the  contact  is 
about  several  tons.  A  thin  indium  foil  is  placed  between  sur¬ 
faces  to  increase  the  effective  area  of  the  contact.  The  cur¬ 
rent  is  returned  to  the  commutation  end  by  8  straight  copper 
bars  which  have  been  aligned  in  parallel  with  the  solenoid 
axis.  Special  measures  have  been  taken  to  distribute  the  re¬ 
turn  current  evenly  amongst  the  bars  in  order  to  ensure  that 
the  field  direction  coincide  with  the  geometrical  axis  of  the 
main  solenoid. 

Fine  alignment  of  the  magnetic  field  is  provided  by  4 
pairs  of  50  cm  long  and  12  pairs  of  12  cm  long  dipole  cor¬ 
rector  coils  installed  atop  the  main  solenoid  in  both  planes. 
The  short  coils  are  placed  at  the  ends  of  sections  and  the 
long  coils  in  the  center.  Each  pair  of  coils  is  fed  by  sepa¬ 
rate  ±2  A  power  supply  and  can  produce  up  to  ±20  G  at 
the  solenoid  axis.  One  additional  dipole  coil  is  installed  in 
the  gap  between  collector  solenoid  and  the  main  solenoid. 
This  coil  compensates  field  distortion  produced  by  current 
commutation  of  the  main  solenoid. 

3  FIELD  MEASUREMENTS  AND 
ALIGNMENT 

The  probe  that  allows  to  measure  the  direction  of  magnetic 
field  is  a  flat  mirror  with  attached  magnetic  arrow  (see  Fig¬ 
ure  3).  The  mirror  has  2  degrees  of  freedom  so  that  it  is  ori¬ 
ented  along  magnetic  field  lines  allowing  optical  measure¬ 
ments  of  the  field  imperfection.  The  diameter  of  the  reflec¬ 
tive  surface  is  21  mm,  diameter  and  length  of  the  arrow  are 


Position,  cm 


Figure  2:  Longitudinal  magnetic  field  in  the  “electron  lens” 
prototype. 


Figure  3:  Mirror  with  magnetic  arrow.  1-  arrow,  2-  reflec¬ 
tive  surface. 

2r„  —  5  mm  and  la  =  25  mm.  The  mirror  is  installed  on 
a  special  nonmagnetic  wheeled  cart.  The  mirror  with  the 
magnetic  arrow  is  the  most  delicate  part  of  this  measure¬ 
ment  scheme.  The  mirror  has  to  be  sufficiently  flat,  it  must 
be  well  balanced  and  the  friction  in  axis  should  be  small. 
We  use  a  mirror  previously  used  for  similar  measurements 
at  the  IUCF  electron  cooler  [4], 

Autocollimators  are  widely  used  for  similar  measure¬ 
ments  in  electron  cooling  devices.  Since  our  field  qual¬ 
ity  requirements  are  less  stringent,  we  have  chosen  less  ex¬ 
pensive  technique  based  on  a  use  of  a  laser  beam  and  two- 
dimensional  Position  Sensitive  Device  (PSD).  Signal  of  a 
PSD  is  proportional  to  the  laser  spot  displacement  with  re¬ 
spect  to  the  PSD  center. 

The  scheme  of  measurements  is  shown  in  the  Figure  4. 
Diode  laser  delivers  a  red  light  beam  with  A  =  670  nm,  ini¬ 
tial  beam  size  3  mm  and  total  beam  divergence  0.35  mrad, 
which  provides  acceptably  small  beam  spot  at  the  mirror. 
The  PSD  (produced  by  Hamamatsu)  has  a  13  x  13  mm2 
working  area,  sensitivity  of  about  1  V/mm,  and  resolution 
of  about  5  /jm.  An  optical  filter  in  front  of  the  PSD  is 
necessary  to  separate  only  the  laser  wavelength  in  order  to 
decrease  background  of  the  PSD.  The  laser,  a  beam  split¬ 
ter,  the  filter  and  the  PSD  were  assembled  all  together  and 
placed  at  about  1  m  from  the  collector  solenoid.  The  assem¬ 
bly  was  placed  on  a  mover  which  allowed  position  and  an¬ 
gular  correction  in  two  transverse  planes  in  order  to  align 
the  system  with  respect  to  the  axis  of  the  main  solenoid. 

An  aluminum  tube  (380  cm  long,  10  cm  diameter)  was 
placed  inside  the  solenoid  on  axis  to  provide  a  guide  for  the 
mirror  cart.  The  cart  can  move  along  the  tube  by  means 
of  a  plastic  belt  and  a  stepping  motor  placed  in  the  field 
free  region  near  one  end  of  the  tube.  Standard  Hall  probes 
with  longitudinal  and  transverse  sensors  can  be  optionally 
installed  on  the  cart.  The  PSD  signals  are  preamplified  and 


Figure  4:  Scheme  of  measurements.  1  and  2  -  mirror  with 
magnetic  arrow,  3-  diode  laser,  4-  beam  splitter,  5-  optical 
filter,  6- PSD. 
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Figure  5:  Angular  deviation  of  the  main  solenoid  field. 
Zero  position  corresponds  to  the  middle  of  the  main 
solenoid. 

measured  by  an  ADC.  The  entire  system  is  controlled  by 
LabView  (TM)  based  data  acquisition  system. 

Precision  of  the  method  depends  on  several  factors.  If 
the  magnetic  field  is  weak,  then  the  precision  is  determined 
by  friction  in  the  mirror  axises.  The  measured  angular 
precision  (repeatability)  of  the  mirror  is  arms  «  1.5  x 
1(T4  (lkG/S)2.  The  dependence  arms  oc  l/B2  is  valid 
for  B  &  1.5  kG,  then  the  arrow  is  saturated  and  the  depen¬ 
dence  becomes  arms  oc  1  /B.  The  precision  of  measure¬ 
ments  in  a  higher  field,  at  about  4  kG,  is  also  determined  by 
other  factors  such  as  vibrations,  electrical  noises,  etc.,  and 
was  of  the  order  of  10-20  /xrad. 

The  region  of  linearity  of  the  system  is  determined  by  the 
size  of  the  PSD  working  area  and  by  the  laser  spot  size  at  the 
PSD.  The  linearity  range  in  terms  of  the  spot  displacement 
on  the  PSD  face  is  found  to  be  about  ±6  mm,  that  corre¬ 
sponds  to  ±  1  mrad  for  the  mirror  located  3  m  away  from  the 
PSD.  The  field  deviation  at  the  ends  of  the  main  solenoid  is 
larger  than  this  value.  However,  this  limitation  is  not  sig¬ 
nificant  for  the  procedure  of  the  field  alignment  by  dipole 
corrector  coils,  since  the  field  deviation  will  decrease  in  the 


Figure  6:  Electron  beam  displacement  without  (stars  and 
circles)  and  with  correction  by  dipole  coils  (simulation). 


iterative  procedure  of  alignment. 

Angular  deviation  of  the  magnetic  field  B±/B\\  in  the 
main  solenoid  is  shown  in  Figure  5.  One  can  see  that  the 
initial  field  quality  is  mostly  determined  by  the  edge  ef¬ 
fects.  Exposure  to  the  support  table  on  which  the  solenoid 
is  installed  and  current  commutators  at  the  ends  of  the  main 
solenoid  are  thought  to  be  major  disturbances.  Deviations 
of  the  field  in  the  middle  are  caused  by  the  force  that  pro¬ 
vides  electrical  contact  between  sections  and  which  also  de¬ 
forms  the  spiral  of  the  solenoid  at  the  place  of  connection, 
resulting  in  the  field  perturbation. 

Electron  beam  trajectory  in  the  measured  magnetic  field 
can  be  calculated  using  Eq.l  (see  Figure  6).  The  rms  tra¬ 
jectory  displacement  over  80%  of  the  length  of  the  main 
solenoid  was  found  to  be  ax  —  0.05  mm  and  ay  = 
0.04  mm,  which  satisfies  the  requirements  for  the  “electron 
lens”.  Use  of  corrector  coils  allows  further  field  quality  im¬ 
provement.  The  beam  trajectory  corresponded  to  simulated 
alignment  of  the  magnetic  field  by  use  of  dipole  coils  is 
shown  in  the  Figure  6.  The  rms  orbit  displacement  in  this 
case  is  <jx  —  0.005  mm  and  ay  =  0.003  mm  that  is  10 
times  less  than  required.  These  results  suggest  that  the  same 
field  quality  in  the  full  scale  beam-beam  compensation  de¬ 
vice  can  be  achieved  with  few  dipole  correctors  at  the  ends 
of  the  main  5  T  solenoid. 

4  CONCLUSION 

The  guiding  solenoidal  magnetic  field  of  the  prototype  of 
the  beam-beam  compensation  device  has  been  measured 
using  a  simple  optical  method  based  on  a  use  of  a  mirror 
with  a  magnetic  arrow,  a  diode  laser  and  a  position  sensi¬ 
tive  device.  The  field  quality  in  the  test  facility  was  found 
to  be  good  enough  in  the  central  part  of  the  main  solenoid 
while  a  modest  correction  by  dipole  coils  is  required  at  the 
ends  of  the  solenoid.  The  results  will  help  to  determine  a 
proper  field  alignment  technique  for  the  full  scale  beam- 
beam  compensation  device. 
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Abstract 

The  procedure  for  automatically  producing  customized 
end  shims  for  the  Recycler  Antiproton  Storage  Ring 
gradient  magnets  is  described.  Magnets  were  first 
measured  with  a  harmonics  probe.  The  observed  field 
defects  were  then  fed  into  a  computer  program  (initially  a 
spreadsheet)  which  generated  the  toolpath  code  for  a 
numerically  controlled  milling  machine  which  produced 
individually  customized  end  shims  that  eliminated  the 
measured  defect.  Field  defects  through  decapole  were 
corrected  to  an  accuracy  (limited  by  the  reproducibility  of 
the  measurement  apparatus)  to  a  few  x  10'5. 

1  INTRODUCTION 

The  Fermilab  Recycler  Antiproton  Storage  Ring  [1] 
requires  approximately  400  permanent  magnets  with  field 
defects  of  order  Iff4  or  better  for  the  low  multipoles. 
Under  these  circumstances  the  circulating  aperture  is 
expected  to  be  limited  by  the  physical  aperture  of  the 
magnets  (5cm  magnet  gap  with  ~4.5cm  x  8cm  clear 
aperture  inside  beam  pipe)  rather  than  the  dynamic 
aperture  due  to  magnetic  field  defects  [2]. 

Most  of  the  Recycler  magnets  are  gradient  dipoles  with 
gap  fields  of  approximately  1.5kGauss.  Their  “hybrid” 
design  uses  temperature-compensated  permanent  magnet 
material  [3]  to  drive  the  magnet  and  steel  pole  tips  to 
shape  the  field.  The  steel  is  very  well  behaved  at  this 
field  level  (high  permeability  and  low  hysteretic  effects) 
and  the  magnetic  field  errors  are  almost  exclusively  due  to 
geometric  effects  in  the  steel  shape  and  magnet  assembly. 

Experience  with  the  early  prototypes  indicated  that  the 
observed  multipoles  in  the  as-built  magnets  were  near  or 
at  the  tolerable  limit:  a  few  xlff4  gradient  error,  sextupole 
through  decapole  errors  of  order  Iff4,  and  smaller 
amplitudes  for  higher  multipoles.  (Multipoles  were 
measured  a  probe  radius  of  2cm  and  expressed  at  a 
reference  radius  equal  to  the  magnet  half-gap  of  2.54cm). 
Therefore  to  ensure  that  the  field  quality  specifications 
were  met,  a  procedure  of  applying  an  individual  end  shim 
to  each  magnet  was  initiated.  This  procedure  was  capable 
of  trimming  normal  multipoles  through  decapole  and 
allowed  the  field  quality  specifications  for  both  systematic 
and  random  multipole  errors  to  be  exceeded. 
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Fig.  1  -  Recycler  Permanent  Magnets  showing  installation 
locations  of  shims  on  the  ends  of  the  gradient  pole  tips. 
The  magnet  ends  were  protected  by  steel  cover  plates  (not 
shown). 

2  SHIMMING  PROCEDURE 

The  shimming  procedure  which  evolved  over  the 
production  of  the  magnets  worked  as  follows: 

1) Each  assembled  magnet  was  tested  with  a  harmonics 

probe  (a  Morgan  coil)  which  measured  the  low 
harmonics  with  an  RMS  accuracy  of  1-2x1  O'5. 

2)  The  measurements  were  used  to  determine  the  shape  of 

a  custom  piece  of  steel  (a  “Z-shim”)  which  was 
applied  to  the  ends  of  the  pole  tip.  These  were  pieces 
of  pole  tip  steel  with  the  standard  transverse  cross 
section  but  cut  to  a  variety  of  shapes  as  viewed  from 
the  top  (see  fig.  2). 

3)  The  calculated  shape  was  used  to  generate  the  toolpath 

programming  for  a  numerically  controlled  (NC) 
vertical  mill  which  machined  the  required  piece  from 
blank  pole  tip  stock.  Initially  the  toolpath  code  [4] 
was  written  out  directly  from  a  spreadsheet  program, 
and  later  generated  automatically  by  a  subroutine 
called  from  the  magnet  analysis  code.  The  steel 
shims  were  typically  produced  in  batches  at  the 
FNAL  machine  shop. 

4)  The  custom  shim  was  applied  to  the  magnet.  This  five- 

minute  procedure  required  a  wrench  and  a  little  bit  of 
experience  in  wrestling  any  previously  mounted  end- 
shim  off  of  the  end  of  the  energized  permanent 
magnet. 

5)  The  magnet  was  re-measured,  and  in  occasional  cases 

where  the  field  quality  still  did  not  meet 
specifications,  steps  2-5  were  iterated. 
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For  many  of  the  later  series  of  magnets  an  inventory  of 
“semi-custom”  end  shims  was  maintained  which  allowed 
the  most  common  field  defects  to  be  cured  with  a  pre¬ 
fabricated  end  shim.  When  it  was  possible  to  use  one  of 
the  pre-built  shims  on  a  magnet  it  represented  a 
considerable  time  savings  since  the  magnet  did  not  have  to 
be  dismounted  and  remounted  on  the  magnet  test  stand 
while  a  custom  shim  was  being  machined. 

It  was  decided  to  place  an  individualized  shim  on  only 
one  end  of  each  magnet.  The  shim  on  the  other  end  was  a 
“standard”  shim  (identical  for  all  magnets  of  a  given  type) 
which  was  chosen  to  correct  for  one-half  of  the  average 
systematic  defect  as  measured  in  the  first  -20  magnets  of 
the  production  run.  Having  a  standard  shim  on  one  end  of 
the  magnet  leaves  open  the  possibility  of  retrofitting  a  new 
standard  shim  on  all  magnets  of  a  given  type  if 
modifications  to  the  field  shape  of  the  magnets  are  desired 
after  machine  commissioning. 

3  END  SHIM  DESIGN 

The  basic  mechanism  by  which  a  z-shim  works  is  that 
the  integrated  field  of  a  magnet  is  proportional  to  the 
length  of  the  pole  tip.  Thus  if  the  end  of  pole  is  sliced 
diagonally,  the  magnet  is  stronger  on  side  of  the  aperture 
than  the  other.  This  introduces  an  effective  gradient  in  the 
integrated  field  (“edge  focussing”).  Similarly,  if  the  pole 
tip  is  cut  with  a  parabolic  shape  a  sextupole  field  is 
generated.  A  cubic  profile  introduces  an  octupole  and  so 
on.  See  fig.  2.  Thus  it  is  possible  to  compensate  small 
defects  in  the  body  field  of  a  magnet  by  making  changes 
to  the  end  shape  of  the  pole  tip. 

A  number  of  issues  complicate  this  simple  picture. 
Firstly,  the  simple  polynomial  shaping  of  the  pole  tips 
does  not  generate  a  simple  result:  for  example,  a  cubic  Z- 
shim  profile  will  generate  not  only  an  octupole  term  but 
also  a  gradient  shift.  Secondly,  there  are  a  variety  of  feed- 
down  effects  present  in  gradient  magnets.  For  example,  if 
a  gradient  magnet  is  cut  diagonally  it  generates  not  only  a 
gradient  but  also  a  sextupole  term  (“edge  sextupole”) 
since  the  amount  of  quadrupole  seen  by  the  beam  depends 
on  the  position  across  the  aperture.  Analogous  effects 
exist  for  higher  multipoles.  Finally,  the  Z-shim  is 
inherently  a  3-dimensional  field  shaping  technique  and 
effects  such  as  the  interaction  of  the  pole  tip  ends  with  the 
flux  return  box  cannot  be  neglected. 

In  practice  we  had  magnets  to  build,  so  that  the 
approach  taken  was  to  build  a  set  of  trial  shims  with  the 
elementary  monomial  defects  (linear,  quadratic,  cubic, 
etc.).  The  multipole  shifts  induced  by  each  of  these  shims 
was  measured,  then  a  matrix  was  inverted  to  determine 
which  linear  combinations  of  polynomial  defects  will 
produce  e.g.  one  unit  of  pure  decapole  change.  This 
orthogonalization  procedure  was  iterated  by  producing  a 
second  set  of  shims  designed  to  produce  a  pure  shift  in 
each  of  the  low  multipoles.  Linear  combinations  of  these 


shapes  can  be  superimposed  to  cancel  arbitrary  sets  of 
errors  in  the  low  multipoles. 


End  Shim  Optimization 
for  RGF  Gradient  Magnets 

IDEALIZED  ORTHOGONALIZED 


1  1 

No  Correction 

Gradient 
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Fig.  2  -  Elementary  monomial  Z-shim  designs  used  as  a 
starting  point,  and  shim  designs  which  were  found  to 
produce  pure  multipole  shifts  after  re-orthogonalizing  the 
multipole  contributions  from  the  elementary  shims. 


Figure  3:  Customized  end  shims  produced  on  a  NC  mill  to 
null  out  error  multipoles  on  Recycler  magnets. 


There  is  no  guarantee  that  this  process  should  be 
extremely  linear.  If  a  single  correction  term  becomes  large 
enough,  it  will  produce  a  shim  design  that  will  extend  the 
pole  tip  out  near  the  flux  return  shield  and  behave  very 
nonlinearly.  Also,  shim  design  which  contains  both 
quadrupole  and  decapole  corrections  may  induce  cross 
terms  including,  say,  octupole.  However  in  practice  for  the 
small  (few  xlO-4)  defects  being  cancelled  with  the  shims, 
they  were  adequately  linear  to  achieve  a  5-fold  reduction 
in  the  error  harmonics  in  a  single  iteration. 

To  get  a  feeling  for  the  size  of  the  end  shimming 
needed,  a  gradient  error  of  lO'Vcm  in  the  body  field  of  a  4 
meter  magnet  can  be  compensated  for  by  a  z-shim  slope 
of  (400cm)*  lO'Vcm  =  4%.  This  corresponds  to  a  slope  of 
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6mm  across  the  width  of  a  15cm  pole  tip.  Shim 
corrections  for  higher  multipoles  get  large  fast,  but  errors 
in  higher  multipoles  tend  to  fall  off  with  multipole  number 
just  as  fast.  There  was  also  a  tendency  for  large 
corrections  to  be  of  opposite  sign:  for  example  a  large 
positive  sextupole  might  be  accompanied  by  a  large 
negative  decapole  error.  This  behavior  is  not  accidental. 
The  fractional  gap  width  of  the  magnet  is  controlled  to  a 
mechanical  tolerance  which  in  our  case  was  ~±100|a.  out 
of  a  50mm  gap  or  -0.2%.  The  fluctuations  in  gap  width 
allowed  by  this  tolerance  could  be  compensated  by  a  Z- 
shim  which  varied  the  magnet  length  by  roughly  the  same 
-0.2%  or  8mm  out  of  a  4m  magnet.  In  no  case  did  we 
find  a  magnet  with  a  field  defect  so  extreme  that  it  was 
impossible  to  define  a  set  of  shims  which  would  bring  it  to 
zero.  Within  the  constraints  of  custom  shimming  only  one 
end  of  the  magnet  and  a  maximum  +/- 1”  shim  length,  we 
occasionally  left  one  or  more  multipoles  only  partially 
corrected. 

Skew  multipoles  can  also  be  trimmed  with  this 
procedure,  although  less  effectively.  Early  in  the  Recycler 
R&D  program  we  performed  experiments  to  verify  that 
skew  multipoles  could  be  trimmed  as  well.  However  it 
appeared  from  particle  tracking  studies  that  the  skew 
multipoles  observed  in  the  magnets  had  no  impact  on  the 
beam  and  were  therefore  ignored.  The  skew  quadrupole 
was  trimmed  in  these  magnets  by  another  technique, 
namely  varying  the  relative  strengths  of  the  permanent 
magnet  material  behind  the  top  and  bottom  pole  tips. 

A  minor  annoyance  was  the  interaction  between  the 
strengths  of  the  permanent  magnets  and  the  end  shims. 
Magnets  with  strengths  that  had  been  previously  trimmed 
to  a  few  parts  in  KJ4  would  find  that  changing  a  field 
quality  shim  would  bring  the  magnet  strength  out  of 
specifications.  The  strength  trimming  would  then  have  to 
be  repeated.  The  mechanism  for  this  strength  change  can 
be  understood  by  considering  a  sextupole  shim,  which 
redistributes  flux  towards  or  away  from  the  center  of  the 
bore  of  the  magnet  and  out  towards  the  edges  of  the  pole 
tips.  The  total  flux  available  to  the  pole  tip  is  determined 
by  the  magnetic  material  available.  Thus  a  positive 
sextupole  shim  (longer  at  the  edges  of  the  aperture  than  at 
the  center)  will  reduce  the  amount  of  flux  seen  by  a  probe 
(or  the  beam)  located  at  the  center  of  the  aperture.  In 
practice  this  was  easily  dealt  with  since  the  strength 
change  was  detected  while  the  magnet  was  already 
mounted  on  the  test  stand  and  the  amount  of  ferrite  could 
be  easily  adjusted  in  situ. 


5  RESULTS 

A  typical  field  error  distribution  before  and  after  the  full 
custom  shims  were  applied  is  given  in  Fig.  4.  In  this  case 
the  RMS  values  of  the  octupole  error  were  reduced  by  a 
factor  of  4,  and  the  systematic  (average)  value  of  the 
octupole  was  reduced  by  a  factor  of  5.  This  was  typical  in 


cases  where  a  full-custom  shim  was  applied  to  each 
magnet.  As  mentioned  previously,  not  all  magnets 
required  full  custom  shims  in  order  to  meet  specifications. 
Thus  the  overall  production  distributions  which  included 
magnets  with  “semi-custom”  shims  was  somewhat  wider. 


Fig.  4  -  Effect  of  end  shimming  on  the  octupole  error 
distribution  for  Recycler  gradient  magnets.  The  two 
curves  show  the  octupole  errors  before  and  after  full- 
custom  shims  were  applied.  After  shimming,  random  and 
systematic  defects  are  at  the  10'5  level  (R=2.5cm) 

4  CONCLUSIONS 

The  technique  of  computer  generated  and  machined 
custom  end  shims  to  cancel  observed  multipole  errors 
proved  a  convenient  and  cost-effective  method  of 
improving  the  field  quality  of  Recycler  magnets.  The 
technique  described  is  generally  applicable  to  warm-iron 
magnets  and  can  be  used  to  reduce  at  least  the  low 
multipoles  errors  to  the  limit  of  measurement  accuracy  or 
dB/B-10’5. 
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Abstract 

The  Very  Large  Hadron  Collider  (VLHC)  is  under 
conceptual  design  in  Fermilab.  One  option  under 
development  is  a  2-Tesla  warm  iron  2-in-l  single  turn 
superferric  magnet  built  around  an  80kA 
superconducting  transmission  line.  A  normal¬ 
conducting  test  stand  was  built  to  optimize  the  iron 
lamination  shape  for  this  magnet.  It  uses  a  water- 
cooled  copper  winding  to  provide  the  100  kA-tums 
needed  to  generate  2  Tesla  fields  in  both  20mm  air 
gaps  of  the  magnet.  A  magnetic  measurement  facility 
has  been  set  up  for  magnetic  field  mapping,  which 
includes  a  flat  measurement  coil,  precision  stage  for 
coil  motion  and  integrator.  Results  from  a  first  test  of 
the  "crenelation"  technique  to  mitigate  the  saturation 
sextupole  in  iron  magnets  are  described  and  future 
plans  are  discussed. 


1  INTRODUCTION 

Parameters  of  the  VLHC  Transmission  Line  Magnet 
[1]  are  given  in  Table  1. 


Magnet  Type 

Warm  Iron  Superferric 

Number  of  turns 

1 

Beam  gaps 

2-in-l 

Drive  Conductor 

80-100kA  Supercond. 
Transmission  Line 

Maximum  field 

2  Tesla 

Injection  field 

0.1  Tesla 

Gradient 

+/-  3  %/cm 

Quadruples 

None  required 

Air  gap  height 

20  mm 

Good  field  (<  0.01%) 

diameter:  Injection 

20  mm 

2  Tesla 

10  mm 

Superconductor 

NbTi  or  Nb3Al 

Magnetic  field  energy 

12  kJ/m  @100kA 

An  important  issue  with  this  magnet  design  is  the 
preservation  of  field  quality  as  the  iron  approaches 
saturation  at  B=1.7~2.2T.  In  this  superferric  magnet 
the  cost  of  providing  the  additional  ampere-turns  is 
low,  in  contrast  to  copper-driven  magnets.  However 


♦Operated  by  the  URA,  under  contract  with  the  U.S.  DOE 
*  email:Kash@fnal.gov 


this  advantage  can  only  be  realized  if  the  field  quality 
is  preserved  at  high  excitation,  at  least  to  the  extent 
sufficient  to  preserve  dynamic  aperture  for  the  small 
beam  sizes  at  flat  top.  A  number  of  techniques  are 
available  to  control  saturation  effects  in  iron  magnets. 
These  include  holes  in  the  laminations  in  the  regions 
above  the  pole  tip  and  "crenelation"  techniques  [1,2]. 
Roughly  speaking,  all  these  methods  work  by  reducing 
the  average  density  of  the  iron  near  the  middle  of  the 
pole  tip  so  that  the  magnet  saturates  uniformly  and 
field  quality  is  preserved.  Understanding  and 
controlling  these  techniques  will  likely  take  many 
design  iterations  and  a  convenient  test  facility. 

2  TEST  STAND 

The  cryogenic  and  superconductor  development 
program  underway  for  this  magnet  is  described  in  [3]. 
To  optimize  the  warm  iron  lamination  design  it  is 
expedient  to  use  a  normal  conducting  test  stand  on 
which  variants  of  the  iron  shape  can  be  tested  without 
the  complexities  of  a  cryogenic  system. 


Fig.  1  -  Transmission  line  magnet  test  stand  including 
1  meter  long  laminated  steel  cores  and  lOOkA-tum  copper 
coil  with  ten  individual  water  circuits. 


The  test  stand  constructed  at  Fermilab  to  investigate 
various  forms  and  designs  of  magnetic  core  for 
transmission  line  magnets  is  shown  in  fig.  1.  The  test 
requires  80-100kA-tums  to  pass  through  the  8cm  hole 
in  the  center  of  the  magnet  that  would  normally  be 
occupied  by  the  superconducting  transmission  line.  It  is 
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calculated  that  only  small  field  shape  differences  will 
occur  between  the  superconducting  and  normal 
conductors  arising  from  the  difference  in  their  radial 
extents.  This  current  density  is  an  engineering 
challenge  with  water-cooled  copper  coils  and  required 
ten  separate  water  circuits  for  each  of  the  10  turns  of 
lOkA  each.  The  coil  was  powered  by  the  filtered  and 
regulated  lOkA  supply  originally  used  to  test  dipoles 
for  the  Fermilab  Main  Injector.  The  coil,  magnet  core, 
and  probe  station  are  mounted  on  an  aluminum  frame. 

3  MAGNET  CORES 

The  magnet  cores  were  manufactured  from  1.5  mm 
thick  low  carbon  steel  laser  cut  laminations.  See  fig.  2. 
Each  core  has  two  holes  (not  shown)  for  alignment  pins 
which  run  the  full  length  of  the  magnet.  Two  aluminum 
bars  installed  between  cores  fix  the  air  gaps  on  both 
sides  of  the  magnet.  Four  threaded  rods  on  both  sides 
of  magnet  clamp  the  upper  and  lower  cores  into  one 
mechanical  structure.  This  arrangement  allows  simple 
and  quick  assembly/disassembly  of  the  magnet.  Both 
magnet  air  gaps  are  open  for  field  measurements. 


Fig.  2  -  Lamination  drawing  of  the  steel  cores  showing 
position  of  the  superconducting  transmission  line  (or  copper 
drive  coil)  and  the  two  air  gaps  for  the  beams.  In  the 
crenelation  technique  every  ~10lb  lamination  has  a  cutout 
(shown  in  left  gap  on  figure)  which  reduces  the  average  iron 
density  in  the  center  of  the  pole  tip  to  reduce  the  saturation 
sextupole. 

4  MAGNET  MEASUREMENTS 

Field  shape  measurements  were  made  with  a  flat  coil 
glued  to  a  G-10  plate.  The  coil  had  3  turns,  2mm 
width,  and  800mm  length.  The  coil  could  be  moved  in 
horizontal  and  vertical  directions  by  high  precision 
(accuracy  lum)  computer  controlled  stage.  Field  shape 
measurements  were  made  using  the  integrated  signal 
from  the  coil  as  it  was  moved  into  the  aperture.  The 
power  supply  was  turned  off  at  the  start  and  end  of 
each  measurement  in  order  to  measure  the  zero  point  of 
the  flux  and  cancel  the  effects  of  integrator  drift. 


A  reference  probe  placed  in  the  second  magnet  gap  was 
used  to  normalize  out  the  effects  of  power  supply  noise 
(mostly  720  Hz).  At  low  field  levels  (0.1-0.5T)  power 
supply  noise  was  still  significant  and  a  MathCad 
filtering  technique  was  used  to  smooth  the  data. 


Fig.3  -  Stage  and  Measuring  Coil 


5  POLE  TIP  DESIGN  ISSUES 

The  main  design  problem  in  this  type  of  magnet  is  to 
retain  high  magnetic  field  quality  at  the  top  end  of  the 
0.1T  -  2T  operating  range.  The  saturation  of  the  flux 
return  regions  of  the  iron  cores  can  be  controlled  by 
increasing  their  thickness.  However  the  pole  tips  are 
unavoidably  highly  saturated  when  the  fields  reach  2 
Tesla.  The  magnetic  permeability  changes  by  about  a 
factor  of  1000  from  injection  to  maximum  field,  and 
the  saturation  is  most  pronounced  at  the  comers  of  the 
pole  profiles  which  carry  maximum  flux.  This  reduces 
the  gap  flux  disproportionately  at  the  edges  of  the 
aperture  at  high  excitation,  leading  to  the  "saturation 
sextupole"  at  high  fields.  In  addition,  gradient  shifts 
can  occur  in  combined-function  or  asymmetric  designs. 

A  number  of  technical  approaches  have  been  tried 
reduce  these  effects.  Most  of  them  use  active  field 
correction  by  placing  an  additional  winding  into  the  air 
gap.  It  is  possible  also  to  split  the  main  winding  in 
window  frame  magnet  and  change  the  current  ratio 
between  the  parts  to  reduce  the  sextupole  component 
during  acceleration  cycle.  This  technique  was  used  in 
the  TAC  design  of  a  superferric  magnet  for  the  SSC. 

The  “Crenelation”  technique  was  proposed  in  [1],  The 
main  idea  is  to  reduce  the  iron  density  in  the  pole 
center  by  machining  small  indentations 
(“crenelations”)  in  each  N-th  lamination.  See  fig.  2. 
The  height  and  the  width  of  this  slot  should  be 
optimized  using  computer  codes.  Such  an  attempt  was 
made  using  2-dimensional  codes  and  described  in  [4,5], 
However  it  should  be  noted  that  the  flux  redistribution 
around  "crenelations"  is  a  three-dimensional  problem 
which  is  only  approximated  by  the  reduced  average 
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density  ("stacking  factor”)  of  2-dimensional  codes.  A 
direct  solution  to  the  3D-magnetostatic  problem  is 
prohibitively  difficult.  Our  goal  in  these  measurements 
is  to  obtain  an  effective  2-D  model  for  the  crenelation 
which  can  be  used  for  overall  pole  tip  optimization. 

6.  RESULTS 

For  this  investigation  we  used  the  simplified  lamination 
configuration  shown  on  Fig.2.  Because  the  laminations 
were  laser  cut  to  an  accuracy  of  only  -0.003",  the  field 
defect  on  the  midplane  was  of  order  0.1%  at  the  design 
aperture.  This  was  acceptable  for  this  study  since  the 
field  shape  change  could  still  be  studied  as  a  function 
of  excitation  and  crenelation  structure.  Several 
variants  of  the  pole  “crenelations”  were  measured  at 
currents  up  to  lOOkA  and  stacking  factors  Kc  ranging 
between  0  and  17.7%. 


redistribution  effects  and/or  the  early  onset  of 
saturation  in  the  exposed,  sharp  corners  near  the 
crenelations. 


without  "crenelations" 
"crenelated",  Kc=10% 
"crenelated",  Kc=17.7% 


Fig.6  -  Field  shape  change  between  0.1T  and  2T  for  no 
crenelations,  10%  crenelation,  and  17.7%  crenelation. 
Positive  curvature  indicates  negative  sextupole  at  2T. 


8  _ 


I=2kA 
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I=10kA 


Fig.4  Field  shape  without  crenelations. 


In  the  pole  tip  without  crenelations  (fig.4)  the  field 
shape  was  stable  between  0.1  and  1.7T  as  expected. 
Above  1.7T  the  field  developed  a  significant  sextupole 
as  well  as  a  gradient  shift  arising  from  the  asymmetry 
of  the  double-C  magnet  design. 


I=lkA 

I=4kA 

I=6kA 

I=10kA 


Fig.5  Field  shape  with  crenelations,  Kc=10%. 

With  every  10th  lamination  crenelated  (fig.  5)  two 
effects  were  observed.  Firsdy  the  saturation  sextupole 
at  high  field  was  reduced  as  expected.  Secondly  (and 
unexpectedly)  the  low  field  shape  changed  by  several 
parts  in  104.  This  effect  is  not  predicted  by  the  2-D 
models  of  the  crenelation,  which  indicate  that  the  field 
shape  should  be  independent  of  the  crenelations  for 
B<1  Tesla.  Presumably  this  is  due  to  3-D  flux 


The  results  are  summarized  in  fig.  6,  which  shows  the 
shape  change  between  0.1T  and  2T  for  different 
crenelation  stacking  factors.  The  curves  that  even  this 
simple  crenelations  causes  significant  reduction  in  field 
shape  change  due  to  saturation. 

7.  CONCLUSIONS 

The  field  measurements  confirmed  the  positive 
influence  of  crenelations  on  the  field  quality  for  highly 
saturated  magnets.  It  seems  plausible  that  an  optimized 
crenelation  will  be  able  to  substantially  eliminate  the 
saturation  defect  at  2  Tesla.  An  unexpected  result  is 
that  crenelations  also  influence  (at  the  level  of  level  of 
a  few  parts  in  104)  the  shape  of  the  magnetic  field  at 
low  excitation.  This  makes  the  crenelation  technique 
less  attractive  to  use  since  the  low  field  pole  tip  shape 
and  the  design  of  the  crenelation  become  coupled.  The 
field  correction  by  "holes  in  the  poles"  remains  a 
promising  approach  which  should  avoid  these 
difficulties. 
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Abstract 

The  Very  Large  Hadron  Collider  (VLHC),  under 
consideration  for  construction  at  Fermilab  in  the  next  1-2 
decades,  is  a  100  TeV  cm  pp  collider  [1],  A  major  cost 
driver  is  the  magnet.  R&D  is  underway  on  several 
possible  magnet  designs.  A  low-field  (2T)  superferric 
magnet,  sometimes  called  a  transmission  line  magnet  [2], 
may  be  the  most  cost-effective  route  to  the  VLHC. 
Although  NbTi  is  now  the  cheapest  superconductor 
measured  in  cost/kA-meter,  Nb3Al  has  the  potential 
advantage  that  it  remains  superconducting  at  higher 
temperature.  It  may  be  particularly  suited  to  the  single 
"turn"  and  long  straight  lengths  of  the  transmission  line 
design.  The  combination  of  the  simple  magnet  design  and 
the  higher  strain  tolerance  than  e.g.  Nb3Sn  allows  a 
simple  process  of  cable  fabrication,  reaction,  and  magnet 
assembly.  This  higher  strain  tolerance  is  an  advantage  for 
splicing  in  the  field.  Sumitomo  Electric  Industries  is 
producing  Nb3Al  conductor  for  the  Fermilab  low-field 
magnet  program  [3]. 

1  COMPARISON  OF  Nb3Al  AND  NbTi 

The  graph  compares  the  critical  current  density  of  the  two 
materials  at  IT,  the  field  at  the  conductor  in  the 
transmission  line  magnet.  We  plan  to  operate  the  low 
field  vlhc  magnets  at  ~6K.  One  can  see  the  increased 
current  carrying  capacity  of  Nb3Al  at  this  temperature. 


*  Operated  by  Universities  Research  Association  under  contract  to  the 
U.S.  Department  of  Energy 
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A  higher  operating  temperature  reduces  the  power 
required  for  the  cryogenics  system.  The  higher  operating 
temperature  also  substantially  reduces  the  size  and 
complexity  of  the  cryogenic  distribution  system.  If  one 
chooses  to  not  increase  Top,  Nb3Al  provides  a  higher 
enthalpy  margin  for  beam-induced  quenches. 

2  CONDUCTOR  SPECIFICATIONS 

Sumitomo’s  wire  is  a  Nb/Al  composite  assembled  using  a 
modified  jellyroll  process  [4].  A  thin  Nb  sheet,  slit  with 
controlled  interconnection  distances,  is  rolled  up  with  an 
A1  sheet,  inserted  in  a  copper  container,  and  cold  worked 
into  a  wire. 


Diameter  (one  strand) 

0.809  mm 

Cu/non-Cu  ratio 

1.4 

“Geometry” 

“Jelly-roll” 

Number  of  filaments 

96 

Filament  Diameter 

53  microns 

Twist  pitch 

30  mm 

Heat  treatment  (react) 

750  +  5  °C,  50  hours 

Critical  current  (1  pV/cm) 

133  A  @  12T,  4.2  K 

3  CABLE  SPECIFICATIONS 


Number  of  sub-cables 

41 

Sub-cable  dimensions 

1.85  x  1.92  mm2 

Sub-cable  topology 

1  Nb,Al,  6  Cu 

Cabling  pitch 

~  4  mm 

OD  of  assembly  (Invar  ID) 

35.7  mm 

OD  of  Invar  pipe 

38.1  mm  (1.5  in) 

Thickness  of  invar 

1.2  mm  (0.047") 

Copper  (OHFC)  RRR 

>100 

Copper  stabilizer  width 

85  mm 

Copper  stabilizer  ID 

29  mm 

Copper  stabilizer  thickness 

1  mm 

Specified  performance 
@  IT,  6.5K 

>75  kA 

0-7803-5573-3/99/$  10.00@  1999  IEEE. 
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The  figure  shows  how  the  Nb3Al  strand  is  enclosed  with  6 
copper  strands  to  form  one  sub-cable.  This  configuration 
is  to  prevent  contact  between  the  Nb3Al  and  the  Invar 
during  reaction. 

4  COPPER  INVAR  COMPATIBILITY 
TEST 

A  test  was  performed  in  order  to  observe  the  behavior  of 
Invar  in  contact  with  copper  during  the  high  temperature 
reaction  cycle  for  Nb3Al  conductor.  As  a  control,  a 
similar  test  was  performed  using  300-series  stainless  steel 
in  place  of  the  Invar. 

Samples  of  stainless  steel  pipe  32-mm  (1.25-inch)  in 
diameter  and  Invar  pipe  38-mm  (1.5-inch)  in  diameter 
were  cleaned.  The  pipes  were  wrapped  in  a  spiral  pattern 
with  clean  0.25-mm  thick  copper  foil.  The  typical 
thickness  was  2-3  layers  of  foil.  The  copper  foil  was 
covered  with  stainless  foil  and  stainless  steel  hose  clamps 
in  ~  six  locations  and  the  hose  clamps  tightened.  The  foil 
was  held  in  close  contact  with  the  pipe  in  the  areas  under 
the  clamps. 

The  prepared  pipe/foil  samples  were  placed  in  a  furnace 
evacuated  to  2xl0'3  Torr  and  backfilled  with  argon.  The 
furnace  was  heated  to  800°C  and  held  there  for  15  hours. 
It  was  let  cool  to  room  temperature.  An  argon  purge 
continued  for  the  duration  of  the  thermal  cycle. 

4.1  Results 

The  stainless  steel  foil  was  bonded  to  the  copper  foil,  and 
the  copper  foil  was  bonded  to  itself.  A  slit  was  made 
along  the  length  of  the  pipe,  cutting  through  the  foil  to  the 
underlying  pipe.  The  foil  was  peeled  back  from  the  pipe. 

The  stainless  steel  pipe  had  discolored  to  a  much  darker 
gray  than  the  original  color.  The  copper  foil  was  bonded 
to  the  pipe  at  only  a  few  spots  of  area  ~  one  square  mm. 
The  copper  peeled  away  from  the  pipe  had  a  light 
discoloration  where  it  had  been  held  most  tightly  in 
contact  with  the  pipe.  The  stainless  was  darkened  in  most 
areas  although  where  the  copper  was  most  tightly 
clamped,  the  darkening  was  reduced.  It  seemed  as  if  there 
was  a  fixed  amount  of  darkening  material  and  some  was 
removed  with  the  copper  foil  in  the  pattern  of  the  hose 
clamps. 


4.2  Conclusion 

Invar  pipe  does  not  contaminate  the  copper  during  the 
reaction  process. 

5  Jc  MEASUREMENTS 

A  strand  sample  from  Sumitomo  was  wound  on  a  grooved 
cylindrical  barrel  made  of  a  Ti-6A1-4V  alloy,  and  fixed  on 
two  removable  Ti-alloy  end  rings.  This  assembly  was  heat 
treated  for  50  hours  at  750°C  in  argon  to  form  a  wire 
having  96  filaments  53  pm  in  diameter,  and  a  copper  to 
non-copper  ratio  of  1 .4. 

Ic  measurements  were  carried  out  at  the  Fermilab  Short 
Sample  Test  Facility  (SSTF)  [5]  [6],  The  F  dependence 
on  field  and  temperature  was  measured  with  the  10I4f2-m 
resistivity  criterion  from  4T  to  15T  and  temperatures  of 
3.5K,  4.2K  and  4.5K.  The  measurements  are  shown  in 
the  table 


B  field 
[T] 

Ic  @  4.5K 
[A] 

F  @  4.2K 
[A] 

F  @3.5K 
[A] 

4 

1044 

5 

793 

830 

923 

6 

602 

8 

357 

10 

210 

12 

117 

126 

153 

15 

37 

41 

Sumitomo’s  specification  gives  an  Ic  of  133A  at  4.2K  and 
12T.  This  is  defined  at  a  critical  field  of  1  pV/cm.  Our 
measurement  with  the  more  commonly  used  10'14  O  m 
resistivity  criterion  gives  an  Ic  of  126A  at  the  same 
temperature  and  field. 

5.1  Derivation  of  Jc  at  Higher  Temperatures 

The  low-field  vlhc  magnets  will  operate  at  higher  strand 
currents  than  can  be  measured  at  the  SSTF.  To  infer  Jc 
outside  the  field  and  temperature  data  ranges  where 
measurements  were  done,  data  were  fitted  with 
parameterization  by  Summers  et  al  [7]  and  Lubell  [8]. 


Unlike  the  stainless  case  the  Invar  pipe  was  not 
discolored.  The  copper  foil  was  bonded  much  more 
solidly  than  in  the  stainless  case.  Areas  of  several  square 
cm  under  the  hose  clamps  were  bonded  between  the  Invar 
and  the  copper.  No  discoloration  of  the  Invar  or  of  the 
copper  foil  was  seen  in  the  areas  where  we  peeled  the 
copper  away  from  the  Invar. 


Jc('B,T)=4b\ 


l- 


(i) 
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Bc2(T)  =  Bc20 

TC(B)  =  TC  o 


1- 


f  T  V7 


T 

V c0  J  J 


1 


B 


B 


c  20 


0.59 


(2) 

(3) 


Strain  degradation  was  assumed  to  be  zero.  There  are 
three  parameters:  Bc2o,  the  upper  critical  field  at  zero 
temperature,  T^j,  the  critical  temperature  at  zero  field,  and 
Cq,  a  normalization  parameter  expressed  in  ATmmm‘2. 


A  4-m  section  of  the  loop  can  be  removed  and  replaced 
with  a  test  piece.  This  is  where  the  Nb3Al  sections  will  be 
tested. 

We  will  test  the  performance  of  the  Nb3Al  transmission 
line  at  different  currents  and  temperatures.  By  dividing 
the  flow  in  the  test  region  of  the  conductor  and  heating 
the  helium  in  contact  with  the  conductor  under  test,  an 
elevated  temperature  region  can  be  created  [9].  Thus  we 
will  be  able  to  test  the  middle  of  the  Nb3Al  section  at 
higher  temperatures  than  either  the  rest  of  the  loop  which 
is  made  of  NbTi  or  the  NbTi-Nb3Al  splices. 


The  best  fit  gives  Bc20  =  20T,  Tco  =  15K,  and  C0  =19003 
AT1/2mm'2.  The  difference  between  parameterization  and 
data  is  <  5%  at  8T,  and  <  2%  at  4T. 

The  parameterized  Jc  can  now  be  used  to  obtain  values  at 
other  temperatures. 

Jc’s  inferred  at  IT  using  these  formulas  are: 

•  14,055  A/mm2  at  4.5K  (Ic  =  3,010  A) 

•  1 1 ,040  A/mm2,  at  6.5K  (^  =  2,364  A) 

•  7,516  A/mm2  at  8.5K  (Ic  =  1,610  A) 

5.2  Conclusion 

We  therefore  predict  that  the  41  sub-cable  assembly  will 
quench  at  97  kA  at  IT  and  6.5  K.  This  exceeds  the 
Sumitomo  specification. 
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Pressurized  helium  flow  is  established  through  the 
pumped  loop.  Pressure,  temperature,  and  flow  rate  of 
helium  can  be  controlled.  The  loop  is  appropriately 
instrumented  with  temperature  sensors  and  voltage  taps. 
Current  is  measured  by  an  external  Hall  probe  array. 
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PRECISION  MAGNETIC  ELEMENTS  FOR  THE  SNS  STORAGE  RING* 

G.  Danbv.  J.  Jackson,  C.  Spataro,  BNL,  Upton,  NY 


Introduction 

Magnetic  elements  for  an  accumulator  storage  ring  for  a 
1  GeV  Spallation  Neutron  Source  (SNS)  have  been 
under  design.  The  accumulation  of  very  high  intensity 
protons  in  a  storage  ring  requires  beam  optical  elements 
of  very  high  purity  to  minimize  higher  order  resonances 
in  the  presence  of  space  charge.  The  parameters  of  the 
elements  required  by  the  accumulator  lattice  design1 
have  been  reported.  The  dipoles  have  a  17cm  gap  and 
are  124cm  long.  The  quadrupoles  have  a  physical 
length  to  aperture  diameter  ratio  of  40cm/21cm  and  of 
45cm/31cm.  Since  the  elements  have  a  large  aperture 
and  short  length,  optimizing  the  optical  effects  of 
magnet  ends  is  the  major  design  challenge.  Two 
dimensional  (2D)  computer  computations  2  can,  at  least 
on  paper,  produce  the  desired  accuracy  internal  to 
magnets,  i.e.  constant  dipole  fields  and  linear 
quadrupole  gradients  over  the  desired  aperture  to  lxl O'4. 
To  minimize  undesirable  end  effects  three  dimensional 
(3D)  computations  can  be  used  to  design  magnet  ends.3 
However,  limitations  on  computations  can  occur,  such 
as  necessary  finite  boundary  conditions,  actual 
properties  of  the  iron  employed,  hystersis  effects,  etc., 
which  are  slightly  at  variance  with  the  assumed 
properties.  Experimental  refinement  is  employed  to 
obtain  the  desired  precision. 

1  SNS  DIPOLE  MAGNETIC  DESIGN 

Edge  shims  are  employed  inside  the  dipole  in  order  to 
give  a  uniform  field  over  the  desired  aperture  (Fig.  1). 
The  computed  (2D)  field  is  everywhere  more  uniform 
than  AB/B=lxlO"4  inside  the  “isofield”  of  lxlO4.  The 
computed  field  in  terms  of  the  multipoles  expressed  at  a 
design  radius  of  r=7cm  are  all  small  compared  to  lxlO-4. 

An  actual  magnet  design  must  minimize 
construction  errors.  For  reference,  the  dipoles  con¬ 
structed  for  the  high  intensity  Booster  4  upgrade  of  the 
Brookhaven  AGS  proton  synchrotron  were  assembled 
from  one  piece  lamination  stampings.  By  left-right,  up- 
down  inversion  in  assembly,  the  small  residual  errors 
due  to  die  dimensions,  steel  rolling  direction,  etc  were 
rendered  symmetric.  As  a  result  actual  measurements 
showed  essentially  agreement  with  predictions.  The 


‘Work  performed  under  the  auspices  of  the  U.  S.  Dept,  of  Energy 


SNS  dipole  cross-section  is  too  large  for  a  one  piece 
stamping.  Joining  of  two  nominally  identical  pieces  at  a 
mid-plane  is  required.  Careful  control  must  be  designed 
in  for  precision  relative  alignment  of  the  two  pole 
surfaces. 


Dipole  Pole  Profile  and  Isofield 

For  the  SNS  accumulator,  a  design  option  is  to 
make  the  magnet  a  mechanical  assembly  out  of  solid 
steel  plate.  A  prototype  is  under  construction.  The 
yoke  is  composed  of  4  pieces.  Precision  machining  of 
the  two  mid-plane  pieces  simultaneously  should  ensure 
parallel  top  and  bottom  yoke  surfaces,  to  which  each 
pole  piece  is  attached.  If  required,  a  thin  shim  placed  on 
either  side  could  eliminate  gradient  fields  to  high  order 
of  accuracy.  The  magnetic  field  is  iron  dominated.  The 
coil  is  located  sufficiently  remote  from  the  pole  surface 
so  that  even  with  the  inevitably  much  cruder  tolerances 
on  location  in  coil  construction,  the  influence  on  the 
field  can  be  expected  to  be  at  the  lxlO"4  level,  interior  to 
the  magnet. 

2  DIPOLE  END  EFFECTS 

The  SNS  dipoles  are  straight.  The  ends  are  wedge 
shaped,  where  the  angle  of  each  wedge  end  equals  half 
the  total  beam  angle  of  deflection.  The  proton  beam 
central  axis  enters  and  exits  the  magnet  normal  to  the 
plane  of  the  pole  ends.  In  the  simplest,  first  order  form, 
the  pole  cross-section  ends  abruptly  with  each  end  a 
plane  vertical  surface.  This  geometry  has  been 
computed.  The  integral  of  the  magnetic  field  through 
the  magnet  was  calculated.  Because  of  the  wedge  ends, 
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the  magnetic  length  varies  linearly  across  the  HMP,  as 
required  optically. 

Because  of  the  finite  width  of  the  poles  and  of  the 
coil  ends,  the  field  end  effects  also  show  a  relatively 
large  nonlinearity.  Fig.  2  shows  the  residual  integral  of 
field  through  the  magnet  on  the  HMP,  normalized  to  the 
central  field  integral,  after  the  wedge  induced  gradient  is 
subtracted  out.  This  calculation  was  done  with  pole 
edge  shims  running  the  entire  length  of  the  poles  as 
shown  in  Fig.  1.  As  a  result  the  Fig.  2  field  aberration 
computed  is  entirely  located  in  the  magnet  ends. 


Residual  Nonlinear  Field  Integral 

Detailed  shaping  of  the  end  regions  will  be 
employed.  Field  and  orbitral  calculations  are  being 
used  to  minimize  optical  aberrations.  This  will  be 
refined  on  the  soon  to  be  available  prototype  dipole. 
The  magnet  pole  ends  contain  removable  short  sections 
which  will  facilitate  shaping  in  3  dimensions.  Integral 
and  point  by  point  precision  measurements  will  be 
made,  using  techniques  and  apparatus  largely  available 
from  the  development  of  the  AGS  Booster  dipole. 

3  SNS  QUADRUPOLE  MAGNETIC 
DESIGN 

The  SNS  quadrupoles  are  particularly  sensitive  to  end 
effects  because  of  the  very  small  ratio  of  length  to 
aperture  diameter.  Fortunately,  precision  16.5cm 
quadrupoles  were  developed  for  the  AGS  Booster  which 
were  also  relatively  short  with  a  ratio  of  length  to 
aperture  diameter  of  3/1.  The  SNS  quadrupoles  can  be 
directly  scaled  from  the  precision  Booster  design. 
However,  the  ends  will  have  to  be  modified  to 
compensate  for  the  even  smaller  ratio  of  length  to 
diameter. 

A  model  quadrupole  of  21  cm  diameter  has  been 
designed.  This  will  be  studied  and  ends  optimized.  Fig. 
3  shows  the  computed  cross-section. 


Eq.  1  presents  in  cylindrical  coordinates  the  axially 
symmetric  3D  radial  field  for  quadrupole  symmetry. 
This  is  for  the  case  where  symmetry  breaking 
imperfections  are  zero.  In  the  case  of  the  AGS  Booster 
4  piece  laminations  were  mounted  on  4  comer  precision 
located  pins.  In  fact,  this  did  maintain  4-fold  symmetry 

Br  =  sin  26  [{(2r  f2,2(z)}+  4r3  (-  1/1 2)f2/  (z)  +. . .] 

+  sin  66  [{6r5f6,6  (z)}+8r7(-l/28)f6,6u  (z)+. ..]  (1) 

+sinl06[{  10r9f10,io(z)}+12r11(-l/44)f1o,,oii  (z)+. . .] 

+. . . 

to  a  high  degree.  Azimuthal  and  longitudinal  field 
equations  are  also  listed  in  a  reference.5 


WtOl.  NAME  =  SNS  QUAD  11/99  CYCLE  =  I 


Fig.  3 

Quadrupole  Flux  pattern 

Shaping  of  the  pole  ends  is  used  so  that  the  66,  106, 
146,  etc.,  allowed  aberration  terms  in  Eq.l  are  very 
small  both  internal  to  the  magnet  and  integrated  through 
the  ends.  The  shaping  is  used  so  that  the  even 
derivatives  of  these  multipoles,  plus  the  even  derivatives 
of  the  quadrupole  term  f  2,2  (z)  also  present  in  Br  and 
B6  integrate  to  small  values  over  each  quadrupole  end. 
Because  the  Booster  16.5  cm  quadrupoles  4  were  highly 
developed,  the  SNS  quadrupoles  are  directly  scaled  to 
the  larger  diameter  required.  The  shaped  ends  will  be 
approximately  the  same  as  for  the  Booster,  but  because 
both  the  21cm  and  31cm  diameter  SNS  quadrupoles  are 
very  short,  some  further  interpolation  will  be  required. 
This  is  because  there  is  essentially  no  “internal”  2D 
region  (magnets  are  essentially  mostly  ends)  and  also 
because  the  excitation  coil  is  quite  different  in  shape, 
and  coil  ends  make  a  significant  contribution  to  end 
fields.  For  the  Booster  quadrupoles,  the  integral 
allowed  multipoles  were  at  the  lxlO4  level  at  92%  of 
radius  to  the  pole  tip.6 

The  purpose  of  end  shaping  of  the  quadrupole  is  to 
arrange  that  positive  and  negative  lobes  are  of  equal 
magnitude.  Fig.  4  shows  the  experimental  result  for  the 
Booster  quadrupole  of  shaping  the  dominant  12-pole,  66 
term  in  the  vicinity  of  the  pole  end.  The  second 
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derivative  of  the  69  term  (see  Eq.  1)  is  very  small, 
normalized  to  Jf  2,2  (z)  dz,  ie.,  to  the  quadrupole 
strength.  The  integral,  |f  6,6  (z)  dz  of  60  though  the 
ends  is  very  small  clxlO-4.  The  same  technique  is  used 
to  minimize  the  effect  of  the  much  smaller  20  pole 
(100)  symmetric  aberration.  These  techniques  will  be 
directly  applied  to  the  SNS  quadrupole  designs. 
Prototypes  are  in  the  process  of  being  ordered. 

The  same  measurement  techniques,  and  in  fact 
much  of  the  same  apparatus  that  was  used  in  the  Booster 
development  will  be  directly  applied  to  the  SNS 
prototypes.  Note  that  there  can  be  an  extremely  small 
optical  error  not  present  in  the  integral  magnetic 
measurement,  which  corresponds  to  a  proton  having  the 
same  transverse  coordinates  as  it  traverses  each  lobe  in 
Fig.  4.  In  practice,  the  proton  will  vary  very  slightly  in 
radius  passing  through  each  lobe.  For  a  10  milliradian 
angle  at  r=5cm,  the  error  is  -  2X10"4. 


5  REFERENCES 


[1]  SNS  Design  Manual  (1998). 

[2]  POISSON  Users  Guide,  LA-UR-87-1 15. 

[3]  OPERA-3D  Reference  Manual,  VF-03-98-04. 

[4]  G.  Danby,  et  al.  PAC87  (1987). 

[5]  G.  Danby,  S.  Lin,  J.  Jackson,  PAC67  (1967). 

[6]  G.  Danby,  J.  Jackson,  PAC  91  (1991). 

[7]  N.  Tsoupas,  private  communication. 

[8]  G.  Danby,  J.  Jackson,  MT-13  (1993). 


aoo 
i&o 
wo 

M 

|  <u> 

8  -40 

-mo 
-mo 
4clo 

440 

-MO  MO  400  400  OOO  too  4.00  400  uo  to  00 

ZPOOmON  INCHES) 


Fig.  4 

Booster  Quadrupole  69  Term  After  End  Shaping 

4  CORRECTION  ELEMENTS 

Because  of  the  high  intensity,  low  loss  proton  beam 
requirements,  corrections  elements  are  required  to 
compensate  for  small  residual  errors  and  also  to 
deliberately  introduce  small  controlled  nonlinearities. 

Correction  elements  used  in  the  high  intensity  AGS 
and  AGS  Booster  can  be  directly  scaled  to  the 
somewhat  larger  aperture.  These  have  not  been 
developed  yet  in  detail  for  the  SNS  accumulator  ring, 
other  than  the  rectangular  box  magnet  which  can 
provide  various  normal  and  skew  terms.7  Such  a 
multifunction  box  magnet  was  previously  designed  and 
installed  in  the  Booster,  providing  the  necessary 
corrections  and  although  very  short  azimuthally,  with 
the  necessary  optical  precision.8 
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DESIGN  OF  AN  AC-DIPOLE  FOR  USE  IN  RHIC* 


B.  Parker*.  M.  Bai,  A.  Jain,  G.  McIntyre,  M.  Meth,  S.  Peggs, 
T.  Roser,  R.  Sanders  and  D.  Trbojevic,  BNL,  Upton,  NY 


Abstract 

We  present  two  options  for  implementing  a  pair  of  AC- 
dipoles  in  RHIC  for  spin  flipping,  measuring  linear 
optical  functions  and  nonlinear  diagnostics.  AC-dipoles 
are  magnets  that  can  be  adiabatically  excited  and  de- 
excited  with  a  continuous  sine-wave  in  order  to 
coherently  move  circulating  beam  out  to  large  betatron 
amplitudes  without  incurring  emittance  blow  up[l].  The 
AGS  already  uses  a  similar  device  for  getting  polarized 
proton  beams  through  depolarizing  resonances [2],  By 
placing  the  magnets  in  the  IP4  common  beam  region,  two 
AC-dipoles  are  sufficient  to  excite  both  horizontal  and 
vertical  motion  in  both  RHIC  rings.  While  we  initially 
investigated  an  iron-dominated  magnet  design,  using 
available  steel  tape  cores;  we  now  favor  a  new  air  coil 
plus  ferrite  design  featuring  mechanical  frequency  tuning, 
in  order  to  best  match  available  resources  to  demanding 
frequency  sweeping  requirements.  Both  magnet  designs 
are  presented  here  along  with  model  magnet  test  results. 
The  challenge  is  to  make  AC-dipoles  available  for  year 
2000  RHIC  running. 

1  AC-DIPOLE  REQUIREMENTS 

AC-dipole  operating  frequency  is  application  dependent. 
When  used  with  polarized  protons  as  a  spin  flipper,  the 
frequency  is  swept  in  the  vicinity  of  the  spin  tune,  i.e. 
=0.5xfrev,  or  specifically  37  ±2  kHz  for  RHIC.  Linear 
optics  measurements  can  use  a  constant  frequency  excita¬ 
tion  at  either  15  or  63  kHz  but  sweeping  is  needed  for 
nonlinear  optics  measurements.  An  integrated  field 
strength  of  =300  gauss-m  is  needed  but  ±3%  field  inho¬ 
mogeneity  is  tolerable.  Since  the  RHIC  injection  kicker 
ceramic  beam  pipe  assembly  (length  =  1.3  m)  fits  twice  in 
the  available  IP4  space  and  has  sufficient  (42  mm)  inner 
aperture,  it  will  also  be  used  for  the  AC-dipoles  to  save  on 
spares. 

Since  high  frequency  currents  flow  mostly  on  conduc¬ 
tor  outer  surfaces  due  to  the  skin  effect,  we  intend  to  use 
Litz  wire.  Litz  wire  has  many  fine  strands  twisted  and 
braided  together  so  as  to  link  the  same  magnetic  flux. 
This  arrangement  yields  a  uniform  current  distribution 
across  the  conductor  cross  section.  Therefore,  the  Litz 
AC-resistance  is  =DC  value  for  dramatically  lower  power 
dissipation  as  compared  to  a  solid  conductor.  Round  Litz 
cable,  made  from  #38  gauge  (0.1mm  diameter)  copper 
wire  is  sufficiently  fine  for  our  application  and  the  cable 
is  easily  bent  in  any  plane  (helpful  for  forming  coil  ends). 

♦Work  supported  by  U.S.  Department  of  Energy  under  Contract 
No.  DE-AC02-98CH 10886. 

'Email:  paiker@bnl.gov 
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Figure  1.  C-magnet  made  from  Litz  wire  and  tape- wound 
steel  C-core.  Each  half  coil  has  12  turns  of  #6  Litz  wire. 
Field  uniformity  is  better  than  0.5%  at  10mm  radius. 


Initially  we  focused  on  using  #6  Litz  wire  coils  in  an 
iron-dominated  C-magnet  due  to  the  availability  of 
unused  tape  wound  cores  (left  over  since  1981  after  con¬ 
struction  of  the  Fermilab  Main  Ring  Abort  Kickers). 
These  cores  consist  of  3%  silicon  steel  tape,  0.05  mm 
thick,  wound  in  a  racetrack  configuration.  The  small 
lamination  thickness  reduces  eddy  current  effects  in  these 
cores  and  makes  them  suitable  for  short  period  pulses. 


2  C-CORE  MAGNET  DESIGN 

The  proposed  C-core  magnet  cross  section  is  shown  in 
Opera-2d[3)  output  plot  in  Figure  1.  The  C-geometry 
returns  magnetic  flux  along  a  low  reluctance  path  and 
thereby  jeduces  the  amp-turns  needed  for  a  given  field 
strength,  compared  to  an  air  coil  magnet.  It  also  permits 
easy  installation  of  the  vacuum  beam  pipe  and  coils 
through  the  gap.  In  an  iron-dominated  magnet,  the  field 
shape  is  largely  determined  by  the  pole  configuration.  For 
the  =300  gauss  field  strength,  saturation  is  not  an  issue; 
therefore,  the  pole  face  is  recessed  to  achieve  desired  field 
quality.  This  pole  shape  has  been  produced  via  an  initial 
straight  cut  followed  by  fine  milling  along  a  circular  arc 
on  a  numerically  controlled  milling  machine. 

From  the  average  core  B2  calculated  in  Opera-2d,  we 
can  estimate  the  core  eddy  current  losses.  Since  higher  B2 
areas  contribute  more  to  losses,  the  coil  configuration  and 
pole  gap  were  optimized  to  reduce  average  B2.  Experience 
with  similar  laminated  materials  shows  that  core  losses 
should  scale  as  f“  (i.e.  between  hysteresis  linear  with  f 
and  f  from  eddy  currents).  In  practice  even  the  estimated 
63kHz  loss  of  =2.4kW  is  much  smaller  than  anticipated 
external  circuit  losses  in  frequency  sweeping  components. 
At  15  kHz  the  200 W  estimated  core  loss  is  =1/3  the  resis¬ 
tive  losses  of  an  equivalent  air  coil  due  to  the  C-magnet’ s 
more  efficient  use  of  excitation  current. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Figure  2.  AC-dipole  test  magnet  cross  section. 


3  TEST  MAGNET  MEASUREMENTS 

Since  15  and  63  kHz  are  nearly  equivalent  for  beam 
dynamics,  the  originally  specified  ±5  kHz  frequency 
tuning  seemed  easier  to  achieve  as  a  ±8%  spread  at 
63  kHz  than  as  a  much  larger  ±33%  spread  at  15  kHz; 
however,  would  eddy  currents  reduce  or  distort  the  field 
in  the  gap  more  at  the  higher  frequency?  In  order  to 
address  this  concern  we  constructed  a  small  test  magnet 
using  a  pair  of  0.05  mm  lamination  semicircular  tape 
cores  as  indicated  in  the  Opera-2d  output  shown  in 
Figure  2.  The  test  magnet  has  a  dual  6.7  mm  gap  and  a 
tight  fitting  fixture  was  made  for  positioning  a  small  6- 
tum  probe  coil  inside  the  magnet.  Because  the  30  mm 
probe  coil  length  is  much  less  than  the  76  mm  core 
length,  magnet  end  effects  are  small.  The  6.7  to  26  mm 
gap  to  pole  width  ratio  yields  a  uniform  central  field 
which  can  be  reasonably  mapped  with  the  3  mm  wide 
probe  coil. 

The  impedance  of  the  test  magnet  was  matched  to  50  £2 
by  a  capacitor  network  and  verified  via  network  analyzer. 
Reproducible  probe  coil  placement  was  possible  via 
scribe  lines  at  19  measurement  positions.  Since  probe 
response  is  proportional  to  frequency,  the  probe  signal 
was  divided  by  frequency  in  comparing  scans  (yielding  a 
frequency  normalized  transfer  function).  The  excitation 
current  was  measured  by  two  methods  which  agreed  to 
better  than  0.3%.  Repeat  field  maps  are  practically  indis¬ 
tinguishable.  Test  magnet  field  maps  were  measured  9 
times  at  66.26,  15.(x2),  10.(x2),  5.(x2),  0.97  and  0.5  kHz. 


Figure  3.  Comparison  of  measured  transfer  function  for 
DC  (Opera-2d  prediction)  and  f  =  0.5,  10  and  66.26kHz. 


The  central  transfer  function  was  found  to  be  constant  to 
0.8%  and  agreed  with  an  Opera-2d  static  prediction  to 
-2%  using  uncalibrated  geometric  areas. 

A  comparison  for  three  frequencies  is  shown  in 
Figure  3.  The  fringe  field  drops  relative  to  the  central 
field  with  increasing  frequency.  When  all  measurements 
for  a  given  frequency  are  summed  to  yield  an  integrated 
transfer  function  (ITF),  a  7%  average  ITF  drop  with 
frequency  is  observed  between  500Hz  and  66.26kHz. 
This  drop  is  consistent  with  the  =  15%  magnet  inductance 
change  measured  separately. 

4  FREQUENCY  TUNING  SCHEMES 

One  difficult  AC-dipole  design  challenge  is  to  sweep  the 
oscillation  frequency  quickly  during  nonlinear  measure¬ 
ments  and  spin  flipping.  The  originally  requested  ±33% 
tuning  (15±5  kHz)  was  deemed  too  difficult;  however,  we 
did  analyze  power  supply  schemes  capable  of  yielding 
39±5kHz  (spread  equiv.  to  63±8kHz).  A  simple  but  very 
brute  force  approach  is  to  add  sufficient  circuit  dissipation 
(dummy  loads)  to  reduce  system  Q  to  4  for  broad  band 
frequency  response.  Then  a  pickup  coil  inside  the  magnet 
gap  can  be  used  for  amplitude  feedback.  While  the 
circuitry  for  this  scheme  is  quite  simple,  a  lOOkW 
vacuum  tube  based  power  supply  is  needed. 

Instead  of  spoiling  Q,  a  variable  series  inductance 
could  be  included  in  the  circuit.  Here  we  could  borrow 
existing  water-cooled  ferrite  cores  (50  cm  OD,  4L2  grade) 
and  wind  9  pairs,  first  with  alternate  bias  turns,  and  then 
common  magnet  excitation  turns.  Frequency  response  is 
then  proportional  to  bias  current;  unfortunately,  signifi¬ 
cant  energy  dissipation  in  the  ferrite  cores  still  requires  a 
20kW  vacuum  tube  for  ±5  kHz  and  these  relatively 
expensive  cores  would  some  day  have  to  be  purchased  or 
returned. 

An  alternate  tuning  approach  is  to  vary  the  AC-dipole 
inductance  directly.  The  C-cores,  in  which  the  AC-field  is 
rapidly  cycling  back  and  forth,  could  have  a  large  perpen¬ 
dicular  DC  bias  field  applied  to  them.  The  bias  field 
would  partially  saturate  the  C-cores  and  thereby  modify 
the  inductance  of  the  magnet.  Varying  the  bias  field  alters 
the  resonant  frequency.  The  system  frequency  thus 
follows  the  bias  field  as  long  as  the  Q  is  not  too  high 
compared  to  the  rate  of  change  (i.e.  analogous  to  cavity 
filling  time).  Unfortunately,  steel  is  not  an  optimum 
material  for  this  scheme  since  very  large  bias  fields  are 
then  needed.  Configurations  with  ferrite  yokes  were  also 
investigated;  however,  it  was  not  found  possible  to  make 
large  inductance  changes  and  simultaneously  maintain 
adequate  field  quality  and  low  AC-losses  with  reasonable 
ferrite  geometry. 

5  AIR  COIL  PLUS  FERRITE  OPTION 

While  investigating  ferrite  plus  air  coil  inductance  biasing 
schemes  we  realized  that  the  magnet  stored  energy  was 
much  more  sensitive  to  ferrite  position  than  to  ferrite 
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|  Mechanical  Tuning  Scheme  (1/4  Model) 


1 2  Turns  of  #2  Utz  Wire  per  Half  Coll 
Rotatable  Ferrite  Paddle  (30  x  80  mm) 


40.0  80.0  120.0  160.0  200.0  240.0 
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Figure  4.  Magnet  with  variable  reluctance  frequency 
tuning.  Scheme  uses  air  coil  plus  movable  ferrite  insert. 
Magnet  inductance  changes  as  ferrite  angle  is  varied. 


permeability.  Even  pulling  the  ferrite's  relative  perme¬ 
ability  down  to  p=4,  which  would  require  a  large  bias 
current,  is  not  as  effective  as  moving  the  ferrite  away 
from  the  coil  (i.e.  getting  p=  1).  Our  latest  scheme,  shown 
in  Figure  4,  starts  from  an  approximate  cos-theta  current 
distribution  (i.e.  =60°  half  angle)  for  each  3-layer  half 
coil  using  12  turns  of  Litz  wire.  To  partially  offset  the 
increase  in  excitation  current  needed  to  achieve  the  same 
central  field  with  the  air  coil's  poor  transfer  function,  #2 
(6  mm  OD)  Litz  wire  is  needed. 

Introduction  of  the  ferrite  tile  close  to  the  coil  decreases 
the  stored  energy  (or  inductance)  by  more  than  30%,  so 
there  is  potential  for  ±7%  tuning  about  a  central  resonant 
frequency.  For  mechanical  simplicity  the  ferrite  tile  is 
rotatable  about  a  pivot  point  (note  that  only  1/4  of  the 
model  is  shown  in  Figure  4,  so  there  are  actually  four 
ferrite  tiles  which  must  be  moved  symmetrically).  The 
relationship  between  the  ferrite  angle  and  system  resonant 
frequency  is  shown  in  Figure  5.  We  find  that  most  of  the 
tuning  range  is  covered  by  90°  motion  from  120°  to  30°. 

The  few  parts  per  mil  field  quality  achievable  with  this 
system,  shown  in  Figure  6,  is  much  better  than  needed 
and  it  is  clear  that  final  field  quality  will  be  dominated  by 


Ferrite  Angle,  6  (Deg) 

Figure  5.  Relationship  between  ferrite  angle  and  system 
frequency  for  mechanical  tuning  scheme  described  above. 
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Figure  6.  Field  quality  achievable  with  mechanical  tuning. 
The  curves  shown  span  the  intended  tuning  range. 

the  coil  end  effects  and  construction  errors.  A  simple 
servomotor  plus  computer  interface  system  already  exists 
which  could  be  adapted  to  move  the  ferrite  tiles  either 
under  direct  computer  control  or  via  a  programmable 
logic  system.  The  servomotor  and  belt  drive  system  can 
be  mounted  on  the  outside  of  an  aluminum  box.  The  box 
serves  to  shield  the  magnet  from  external  influences  and 
to  contain  otherwise  annoying  AC  fringe  fields.  Estimates 
indicate  that  eddy  current  losses  in  the  ferrite  tiles  and  box 
walls  are  small  compared  to  dissipation  in  the  coil  and 
matching  capacitor  network. 

We  hope  to  run  the  system  frequency  control  almost 
open  loop  and  use  pickup  coils  above  and  below  the  beam 
pipe  for  amplitude  feedback.  We  anticipate  that  a  medium 
conductance  path  should  also  be  provided,  close  to  the 
beam  pipe,  for  passing  the  two  beam  image  currents  in 
order  to  avoid  wake  field  trapping. 

6  CONCLUSIONS 

Although  tests  indicate  that  the  tape  wound  core  design 
would  be  suitable  for  meeting  AC-dipole  requirements, 
when  evaluating  a  complete  system,  cost  and  schedule 
considerations  favor  using  the  variable  magnetic 
reluctance  path  mechanical  frequency  tuning  scheme 
described  above.  Implementation  of  this  scheme,  denoted 
here  as  air  coil  plus  ferrite  in  a  box,  should  be  possible  for 
use  during  RHIC  year  2000  running;  however,  there  are 
still  many  details  which  must  be  worked  out. 
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Abstract 

We  present  the  design  of  a  pulsed  quadrupole  magnet 
array  for  side  by  side  transport  of  multiple  high  current 
particle  beams  in  induction  linear  accelerators.  The  design 
is  directly  applicable  to  low  field  superconducting 
quadrupole  arrays  and  can  be  modified  for  high  fields. 
The  magnetic  design  minimizes  current  requirements  by 
placing  a  modified  cosine  26  current  distribution  inside  an 
elliptical  iron  boundary.  The  resulting  magnet  aperture 
more  closely  matches  the  beam’s  elliptical  cross-section, 
and  only  the  space  the  beam  occupies  is  magnetized  to  the 
required  field  quality.  By  eliminating  unneeded  high  field 
area  in  the  magnet  aperture,  energy  requirements  are 
halved,  as  compared  to  an  equivalent  circular  design.  The 
magnet  serves  double  duty  as  a  UHV  vacuum 
chamber/beam  tube,  and  reduced  radial  thickness  results 
from  lower  current  requirements.  Each  interior  magnet’s 
neighbors  serve  as  the  return  flux  paths  and  the  poles  are 
placed  as  close  as  possible  to  each  other  to  facilitate  this. 
All  the  above  features  serve  to  reduce  the  beam-to-beam 
spacing,  leading  to  significant  reductions  in  the  size  and 
cost  of  the  induction  cores  which  surround  the  array,  as 
well  as  the  pulsed  power  supplies  which  drive  them.  The 
design  shown  here  is  for  a  21  beam  array,  yet  it  is  suitable 
for  larger  or  smaller  numbers  of  beams,  as  required. 


The  laminated  iron  core  serves  to  position  and  support  the 
magnets,  to  provide  further  reduction  in  energy 
requirements  by  providing  a  high  permeability  flux  path  to 
the  neighboring  magnets,  to  provide  a  flux  return  path  for 
the  magnets  at  the  edge  of  the  array,  and  to  provide 
channel  isolation  for  steering  coil  fluxes. 

2.  MAGNETIC  DESIGN 


1.  DESIGN  OVERVIEW 

The  pulsed  quadrupole  magnet  is  a  high  voltage,  low 
inductance,  current  dominated  design,  with  conductors 
arranged  around  an  elliptical  iron  boundary.  Figure  1 
shows  the  complete  array,  and  figure  2  shows  a  cross 
section  view  of  one  quadrupole  magnet  cell.  The  magnet’s 
main  coil  package  consists  of  four  2-layer  coils,  of  10 
turns  per  coil,  5  turns  per  layer,  epoxy  potted  onto  a  thin 
stainless  steel  beam  tube/end  flange  assembly,  for  eddy 
current  minimization.  Large,  3.8mm  diameter  insulated 
copper  conductors  are  used  to  reduce  electrical  stress 
concentrations.  Fiberglass  cloth  and  flexible  printed 
circuit  correction  coils  are  incorporated  into  the  coil 
casting  for  strength  and  beam  steering,  respectively.  The 
magnet  coil  casting  carries  all  magnetic  and  vacuum 
loads,  both  radial  and  axial. 


"Work  supported  by  the  Director,  Office  of  Fusion  Energy,  U.S.  DOE, 
under  Contract  No.  DE-AC03-76SF00098 
•  email:  DBShuman@lbl.gov 


To  minimize  stored  energy,  the  magnetic  field  and 
vacuum  volume  is  confined  to  an  elliptical  cross-section. 
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Fig.  2  Quadrupole  Cross  Section  with  flux  plot 
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which  corresponds  to  the  beam  cross  section,  with 
clearance  for  halo,  misalignment,  and  mis-steering. 
Conductors  are  arranged  inside  an  elliptical  iron  boundary 
cross  section  instead  of  the  usual  circular  one. 

Surface  current  density,  K,  on  the  boundary  follows  an 
analytic  function  per  Faltens,  and  is  proportional  to  the 
tangential  field  component  at  the  iron  boundary: 

K  =  K  °ly2  ~  b  2jc  2 

°  yli?2  y  )+  (b2x) 

Where:  a,  b  =  major,  minor  diameters  of  elliptical 
boundary,  respectively. 

The  number  of  turns  is  minimized  to  reduce  magnet 
voltages.  The  acceptable  multipole  level  at  the  beam  edge 
determines  the  minimum  number  of  turns.  The  conductor 
size  is  optimized  between  reducing  eddy  currents  within 
the  conductor  and  minimizing  field  energy  outside  the 
beam  envelope  vs.  minimizing  i2R  losses  and  field 
stresses.  Lower  losses  are  possible  with  finer  conductor 
strands  and  a  larger  total  conductor  volume,  but  this 
choice  tends  to  increase  the  initial  stored  energy  and 
capacitor  cost,  and  requires  higher  voltages  which 
compromise  magnet  longevity.  Coil  resistive  losses  are 
limited  to  -10%  of  the  total  energy. 

A  subsidiary  goal  is  to  approximate  the  conductor  current 
densities  (40  kA/cm2)  to  those,  that  would  eventually  be 
used  in  a  superconducting  array  (30-100  kA/cm2). 


Table  1.  Magnet  Parameters 


Beam  Aperture  Radius 

5x3 

cm  (maj.  x  min.) 

Magnet  Transverse  Pitch 

11.8 

cm  (horiz.,  vert.) 

Magnetic,  Total  Length 

31,47 

cm 

Field  Gradient,  B’ 

38 

T/m 

Maximum  Field,  B 

1.9 

T 

Number  of  turns 

10 

Turn  s/coil 

Conductor  diameter 

3.8 

mm 

Magnet  Current,  I 

4400 

A 

Magnet  Resistance,  R 

.012 

Ohms 

Magnet  Inductance,  L 

.375 

milliHenries 

Magnet  Voltage,  max. 

3 

kV  (lmS  pulse) 

Pulse  energy/magnet 

3 

kJ 

Energy  loss/magnet 

300 

J 

Pulse  rate  (w/cooling) 

0.5 

Sec'(25°C  AT) 

To  reduce  magnet  transverse  pitch  spacing,  return  flux 
is  routed  through  adjacent  magnets,  which  allows  coils  to 
be  placed  essentially  in  contact  with  each  other,  as  much 
as  practical.  Iron  is  used  only  to  provide  the  elliptical 
boundary,  to  connect  the  poles  in  an  efficient  manner,  and 
to  provide  for  isolation  of  steering  coil  flux  (skew 
quadrupole  for  rotation  errors,  plus  crossed  dipoles  for 
positional  errors).  Higher  order  multipole  corrections  are 
not  needed  on  every  lattice  period,  if  needed  at  all.  If  so,  a 
separate  multipole  corrector  magnet  array  will  be  located 


after  a  given  number  of  lattice  periods.  The  magnetic 
analysis  program  POISSON/PANDIRA  was  used,  and 
conductor  currents  were  scaled  to  account  for  differing 
lengths. 

3.  COIL  DESIGN 

The  magnet’s  short  pulse  length  of  l.OmS  FMFW, 
requires  a  high  voltage  design,  with  3kV  between  the  high 
voltage  lead  and  ground.  As  such,  electrical  stress 
reduction  and  good  insulation  is  critical  to  insure 
longevity.  7  gauge  (3.8mm  dia.)  copper  wire  was 
purchased  with  a  high  grade  polyamide/imide  insulation 
coating  0.05mm  thick  which  tests  to  10-15  kV  for  crossed 
conductors  in  a  hi-pot  test,  even  after  significant  bending. 


Fig.  3  Coil  Casting  with  Beam  Tube  and  End  Flanges 

Cooling  is  by  conduction  to  the  iron  core,  which  can  be 
fitted  with  water  cooling  channels  if  necessary.  The  beam 
tube/end  flange  assembly  serves  as  the  ground  layer  on  the 
inner  diameter,  and  a  .001”  stainless  steel  foil  as  the 
ground  layer  on  the  outer  diameter  (to  shield  steering  coil 
edges). 

4.  VACUUM  CHAMBER  DESIGN 

To  minimize  eddy  current  losses,  a  stainless  steel  thin  wall 
tube  0.006”  thick  is  utilized  for  a  beam  tube.  The  beam 
tube  is  brazed  to  end  flanges  which  are  flared  outwards  to 
allow  the  beam  to  expand  towards  a  circular  cross-section 
without  beam  scraping.  To  keep  the  tube  from  collapsing 
under  vacuum  load,  it  is  both  restrained  by,  and  bonded  to 
the  epoxy  potted  magnet.  The  coil  casting  then  carries  the 
vacuum  loads,  and  fiberglass  cloth  is  incorporated  in  the 
casting  for  strength  and  rigidity.  Finite  element  analysis 
predicts  a  maximum  vacuum  load  deflection  of  0.04  mm 
inward  for  a  potted  coil  with  0.5mm  fiberglass  layers,  both 
under  and  over  the  coils.  Maximum  stress  in  the  stainless 
steel  beam  tube  is  5  ksi. 
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5.  CORE  DESIGN 

The  core  is  laminated  M36  magnetic  steel,  .025”  thick, 
with  C5  insulation.  Each  magnet  bore  extends  past  the 
(effective)  end  of  the  coil  by  the  average  magnet  radius  of 
4cm  to  minimize  stray  fields.  The  core  will  be  assembled 
and  held  together  with  insulated  stainless  steel  bolts 
located  between  the  minor  diameters  of  the  magnet  bores. 
The  holes  between  the  major  diameters  are  reserved  for 
cooling  channels,  as  heat  generation  is  concentrated  in  this 
area.  Field  is  low  at  the  bolt  locations,  less  than  1000G. 
After  coil  installation,  the  entire  assembly  will  be  potted 
in  a  high  melting  point  wax,  which  will  stabilize  the 
magnets  from  impulse  forces,  and  allow  removal  and 
repair  of  individual  magnets.  Magnet  bakeout  for  vacuum 
purposes  is  not  foreseen  to  be  necessary.  The  magnet  bore 
edges  will  be  radiused  to  reduce  electrical  stress  on  the 
leads.  Keyways  on  each  magnet  bore  end  align  the  coils  to 
the  core. 

6.  ACCELERATOR  INTERFACE  DESIGN 

Each  magnet’s  end  flange  features  an  elliptical  cylinder 
exterior  surface  for  vacuum  sealing.  The  flange  inserts 
into  a  corresponding  aperture  in  the  end  manifold  plate 
until  the  plate  rests  against  the  potted  end  of  the  magnet. 
Sealing  is  accomplished  by  compressing  an  O-ring  around 
it  using  an  elliptical  O-ring  compressor  flange,  installed 
from  the  drift  region.  This  allows  easy  removal  of  the 
manifold  plate  and  magnet  repair  or  replacement,  if 
necessary.  Edge  clamps  or  bolts,  and  perimeter  seals  are 
then  used  to  connect  the  manifold  plates  to  the  insulator 
column  edge  bellows  (not  shown).  Tie  rods  running 
through  the  core  bolts  connect  the  end  manifold  plates  to 
carry  vacuum  loads.  There  is  Vi'  clearance  between  the 
manifold  plate  and  the  end  of  the  core.  Magnet  leads  exit 
radially*  from  the  coil  casting  *4”  from  the  end  of  the  coil 
casting,  and  exit  through  this  clearance. 

7.  PULSER  DESIGN 

Two  magnets  are  connected  in  series  to  each  pulser,  which 
produces  +/-3kV,  bipolar.  The  pulser  is  an  SCR  switched 
capacitive  discharge  circuit  with  a  recirculator  that 


recovers  energy  not  lost  in  resistance.  For  a  given  rep  rate 
and  pulse  energy,  this  lowers  the  cost  of  the  pulser  as  well 


as  saves  energy.  The  circuit  is  shown  in  fig  4.  The 
components  are  commercially  available  except  for  the 
choke  used  in  the  recirculator,  which  was  fabricated  from 
the  same  7  gauge  wire  as  the  magnet  coils  and  cast  in 
epoxy. 

8.  FABRICATION 

Coils  are  wound  “flat”  on  a  single  axis  winder,  one  layer 
at  a  time.  The  individual  turns  of  each  layer  are  wound  in 
an  ascending  spiral  fashion  between  two  plastic  dies,  one 
of  which  is  fixed,  and  the  other  connected  to  a  movable 
hydraulic  ram.  Thus,  each  wire  turn  is  wound  into  its  own 
groove,  instead  of  on  top  of  the  previous  turn,  as  is 
normally  done.  After  winding  under  low  tension,  the  wire 
ends  are  clamped  off  and  the  coil  layer  is  stretched  axially 
to  the  point  of  yield.  This  removes  initial  wire  curvature 
and  kinks,  with  negligible  reduction  in  wire  diameter  or 
damage  to  insulation.  This  operation  requires  approx. 
5001bf  for  each  conductor  run. 

After  winding  and  stretching,  the  coil  collapses  under 
its  own  weight  into  a  flat,  planar  coil  layer.  Each  coil  layer 
is  then  placed  between  two  plastic  dies  and  pressed  to 
form  the  elliptical  curvature  on  the  ends. 

The  beam  tube/end  flange  assembly  is  formed  by 
slipping  a  round,  thin  wall  stainless  steel  tube  over  a  three- 
piece  expanding  mandrel  to  form  the  correct  elliptical 
shape.  The  end  flanges  are  then  low  temperature  brazed 
onto  each  end  of  the  tube. 

Magnet  potting  is  done  in  two  steps.  First,  the 
mandrel/beam  tube/end  flange  assembly  is  wrapped  with 
fiberglass  cloth,  then  placed  in  the  potting  mold  along 
with  four  mold  inserts.  These  inserts  cast  in  the  central 
spacers  for  the  bottom  coil  layers  and  provide  the 
foundation  for  coil  assembly.  The  coils  and  spacers  are 
assembled  onto  this  subassembly.  The  coils  are  connected, 
then  wrapped  with  fiberglass  cloth  to  hold  them  in  place. 
The  foil  ground  sheet  and  steering  coils,  interleaved  with 
fiberglass  veil  cloth  are  then  wrapped  around  this 
subassembly  before  final  potting. 

9.  MAGNET  PROTOTYPE 

Two  single  channel  quadruples  were  constructed  and 
tested  to  measure  electrical  properties  of  the  combined 
pulser  and  magnet  system,  and  to  verify  voltage  holding 
capability.  These  magnets  were  connected  in  series  and 
pulsed  (0.8mS)  at  +/-3.2kV  each  (4000A),  at  a  rate  of  one 
pulse  every  three  seconds  for  5  hours.  After  fixing  an 
initial  breakdown  in  one  of  the  leads,  the  magnets 
operated  successfully  with  no  breakdown  or  signs  of 
corona.  Return  voltage  available  to  the  recirculator  is  82% 
of  input,  or  67%  energy  recovery  possible.  A  20°C 
temperature  rise  was  measured  at  the  end  of  the  test;  there 
was  no  water  or  forced  air  cooling,  only  thermal 
conduction  to  the  core,  with  free  convection  air  cooling. 
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Abstract 

The  mechanical  design,  construction,  and  assembly 
procedure  of  six  different  septum  magnet  designs  used  in 
the  Advanced  Photon  Source  (APS)  facility  will  be 
described.  This  will  include  a  positron  accumulator  ring 
(PAR)  AC  septum  magnet,  a  synchrotron  thin  injection 
septum,  AC  thin  and  thick  extraction  septa,  and  storage 
ring  AC  thick  and  thin  injection  septum  magnets. 

Design  parameters,  material  selection,  assembly 
procedures,  and  operational  results  will  be  presented. 

1  INTRODUCTION 

The  development  of  septum  magnet  fabrication  at  the 
APS  facility  has  been  a  challenging  endeavor.  Pulsed 
septum  magnet  design  and  construction  offers  the  magnet 
engineer  several  challenges  in  material  selection,  magnet 
assembly,  and  construction  tolerances.  Nonsteady-state 
forces  can  lead  to  material  flexture  and  resultant  metal 
fatigue.  High  radiation  environments  limit  material 
selection  for  coil  electrical  insulating  materials.  In  some 
situations,  designs  require  that  the  laminated  core  of  the 
magnet  be  in  the  vacuum  environment.  Outgassing  of 
trapped  interlamination  air  can  be  a  major  concern  when 
one  is  required  to  maintain  an  ultrahigh  vacuum.  With 
core-in-vacuum  designs  special  care  must  be  taken  with 
water  connections.  No  water  to  vacuum  joints  are 
allowed  in  the  septum  magnet  design.  The  electrical 
constraints  are  no  less  trivial.  Pulsed  septum  magnets 
naturally  imply  high  currents  of  the  order  of  500  to  12000 
amps. 

The  most  important  feature  of  septum  magnets  is  to 
have  a  homogeneous  field  in  the  magnet  gap  and  a  low  to 
zero  leakage  field  outside  the  gap  such  that  the  circulating 
beam  is  not  affected.  A  single  septum  conductor  is  used 
to  separate  the  gap  field  from  the  zero  field  external 
region.  To  facilitate  merging  of  the  injected  and  stored 
beams,  the  septum  conductor  is  designed  to  be  as  thin  as 
possible  without  compromising  its  mechanical,  thermal, 
electrical,  or  magnetic  shielding  performance.  In  some 
designs,  septum  conductors  can  be  2.5  mm  thick  or  less. 


'Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 

’Email:  gorski@aps.anl.gov 


2  MECHANICAL  AND  OPERATIONAL 
PARAMETERS 

The  APS  facility  uses  six  different  septum  magnets  that 
are  described  below. 


2.1  PAR  AC  Injection  and  Extraction  Septum 

The  PAR  AC  septum  magnet  is  mechanically  the  most 
complex  of  all  the  APS  septa.  Designed  to  operate  with  a 
peak  current  of  12.057  kA  and  a  repetition  rate  of  60  Hz, 
its  thermal  design  required  considerable  development. 
The  complete  magnet  is  contained  in  a  vacuum  enclosure 
61  cm  long  by  25.4  cm  wide  by  17.8  cm  high.  The  core, 
septum  plate,  and  backleg  conductor  are  all  water  cooled. 
The  septum  plate  thickness  is  2  mm.  The  core  is  stacked 
laminations  of  M22  silicon  steel  with  C5  coating  on  both 
sides;  each  lamination  thickness  is  0.36  mm.  The  core 
end-pack  is  fabricated  from  laminations  that  are  modified 
with  tapered  bevels  designed  to  reduce  heating  at  the 
ends.  Additional  cooling  plates  are  provided  on  the  end 
packs  for  water  cooling.  All  power  and  cooling  water 
feedthroughs  are  electrically  insulated  from  the  vacuum 
enclosure.  The  magnet  is  shown  schematically  in  Fig.  1 
with  operational  parameters  listed  in  Table  1 . 


Figure  1 .  PAR  AC  septum  magnet 


Table  1 :  PAR  AC  septum  magnet  parameters 


Number 

1 

Physical  Length 

0.48  m 

Effective  Length 

0.4  m 

Field  Strength 

0.75  T 

Maximum  Septum  Thickness 

2  mm  (+) 

Magnetic  Field  Aperture 

7.0  x  2.0  cm 

Bending  Angle 

199.6  mrad 

Peak  Current 

12.057  kA 

Peak  Power 

29  kW 

Rep  Rate 

60  pps 

Pulse  Length  (half  sine  wave) 

275  ps 

Average  Power 

0.574  kW 

0-7803-5573-3/99/$  10.00@  1999  IEEE. 
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2.2  Synchrotron  Injection  Thin  Septum 

The  synchrotron  injection  thin  septum  magnet  is  of  the 
core-in-vacuum  design.  The  core  is  stacked  to  a  radius  of 
curvature  of  3.18  m.  The  laminations  are  0.36-mm-thick 
M22  silicon  steel  coated  with  a  C5  type  insulation  on  both 
pides.  The  laminations  are  oven  baked  before  use  to 
insure  cleanliness.  As  is  usual  in  the  stacking  process,  the 
laminations  are  stacked  in  approximately  25.4  mm  packs, 
alternating  the  witness  notches  from  one  side  to  another. 
The  ends  of  the  stack  have  solid  end  packs  1.19  cm  thick, 
composed  of  CRS-1018  steel.  As  can  be  seen  in  Fig.  2, 
all  the  magnet  components  are  put  into  a  vacuum-tight 
box-like  structure.  The  septum  plate  itself  is  2  mm  thick 
and  machined  from  explosion-bonded  copper  and  steel 
material.  It  is  not  direct-driven  but  rather  acts  as  an  eddy- 
current  shield  preventing  field  from  leaking  into  the  field 
free  region.  The  single-turn  primary  coil  is  fabricated 
from  OFHC  copper  of  dimensions  1.59  cm  by  0.635  cm. 
The  synchrotron  injection  thin  septum  is  shown 
schematically  in  Fig.  2  with  operational  parameters  given 
in  Table  2. 

At  the  present  time,  another  synchrotron  injection  thin 
septum  magnet  of  an  out-of-vacuum  core  design  is  being 
assembled.  With  core  laminations  outside  the  vacuum 
envelope,  this  design  will  allow  quick  pump  down  in  case 
of  a  vacuum  leak. 


laminations  are  a  low  carbon  silicon  steel  coated  with  C5 
insulation  on  each  side.  The  ends  of  the  core  have  solid 
end  packs  of  CRS-1018  steel,  1.19  cm  thick.  The  core 
was  stacked  and  welded  in  the  same  fixture  alternating 
2.54-cm  packs  of  laminations  along  the  length  of  the  core. 

The  septum  plate  itself  is  fabricated  from  explosion- 
bonded  copper  and  steel  plate.  The  total  septum  plate 
thickness  is  3.76  mm  and  again  acts  as  an  eddy-current 
shield.  The  septum  magnet  is  shown  schematically  in 
Fig.  3.  Some  operational  parameters  are  given  in  Table  3. 
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Figure  3:  Top  view  synchrotron  extraction  AC  thin 
septum 


Table  3:  Synchrotron  AC  thin  extraction  septum 
parameters 


Number 

1 

Maximum  Effective  Septum  Thickness 

4  mm 

Physical  Length 

1.06  m 

Effective  Length 

1.05  m 

Bending  Angle 

33  mrad 

Peak  Field  at  7  GeV 

0.73  T 

Gap  Height 

20  mm 

Gap  Width 

34  mm 

Peak  Current 

11.74  kA 

Peak  Power 

62  kW 

Pulse  Width  (1.5  kHz  1/2  sine  wave) 

333  |is 

Average  Power 

0.042  kW 

Figure  2:  Synchrotron  injection  thin  septum 
Table  2:  Synchrotron  injection  thin  septum  parameters 


Number 

1 

Maximum  Allowable  Septum  Thickness 

4  mm 

Physical  Length 

0.9  m 

Effective  Length 

0.85  m 

Bending  Angle 

0.2771  rad 

Peak  Field  at  450  MeV 

0.49  T 

Gap  Height 

30  mm 

Gap  Width 

40  mm 

Peak  Current 

11.8  kA 

Peak  Power 

30  kA 

Pulse  Width 

333us 

Average  Power 

0.02  kW 

2.3  Synchrotron  AC  Thin  Extraction  Septum 

This  septum  magnet  is  of  the  core-in-vacuum  type  with  a 
total  septum  plate  thickness  of  4  mm.  The  core  itself  is 
composed  of  a  stack  of  approximately  2680  laminations 
(0.36  mm  thick)  stacked  to  a  core  length  of  1 .03  m.  The 


2.4  Synchrotron  AC  Thick  Extraction  Septum 

This  septum  magnet  is  of  the  core-out-of-vacuum  design, 
stacked  to  a  radius  of  curvature  of  30.5  m,  yielding  a 
bending  angle  of  73.53  mrad.  The  core  is  composed  of 
stacked  laminations  (4712)  with  laminated  end  packs  that 
are  chamfered  at  45°.  The  core  length  is  1.7  m. 

The  coils  used  in  this  magnet  are  fabricated  from  4.19- 
mm  square  conductor  with  a  2.41 -mm  diameter  hole  for 
water  cooling.  The  material  is  oxygen-free  copper  with 
CDA  alloy  no.  102.  The  coil  configuration  itself  is  a 
6x6  matrix  with  dimensions  of  2.86  cm  x  2.86  cm  with  a 
4.19-cm  gap.  The  coil  is  a  saddle  type,  1.76  m  long,  and 
weighs  15  kg.  This  magnet  is  shown  schematically  in 
Fig.  4  with  operational  parameters  given  in  Table  4. 


Figure  4:  Top  view  synchrotron  AC  thick  extraction 
septum 
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Table  4:  Synchrotron  AC  thick  extraction  septum  and 
storage  ring  thick  injection  septum  parameters 


Number 

1 

Minimum  Septum  Thickness 

30  mm 

Physical  Length 

1.79  m 

Effective  Length 

1.75  m 

Bending  Angle 

73.53  mrad 

Peak  Field  at  7  GeV 

0.98  T 

Gap  Height 

30  mm 

Gap  Width 

40  mm 

Peak  Current 

0.66  kA 

Peak  Power 

80  kW 

Pulse  Width 

10  ms 

Average  Power 

0.797  kW 

2.5  Storage  Ring  AC  Thick  Injection  Septum 

The  core  and  coils  used  for  this  magnet  are  identical  to 
those  used  in  the  synchrotron  AC  thick  extraction  septum. 
The  vacuum  chamber  used  in  this  magnet  is  a  curved 
rectangular  chamber  1.535  inches  high  made  from  an 
Inconel®  channel.  The  coils  are  the  same  as  in  the 
synchrotron  AC  thick  extraction  septum. 

This  magnet  is  shown  schematically  in  Fig.  5  with 
operational  parameters  given  in  Table  4. 


Figure  5:  Storage  ring  AC  thick  injection  septum 

2.6  Storage  Ring  AC  Thin  Injection  Septum 

The  core  of  the  storage  ring  AC  thin  injection  septum  is 
comprised  of  0.356-mm  thick  laminations  (M22  silicon 
steel  with  C5  coating)  stacked  to  a  length  of  1 .04  m.  On 
each  end  of  the  core  are  2.52-cm-thick  laminated  end 
packs.  The  core,  which  is  stacked  straight,  is  held 
together  with  side  and  bottom  tie  bars.  Inside  the  gap  is  a 
formed  beam  vacuum  tube.  This  tube  is  made  from 
Inconcel  625  metal  and  is  127.8  cm  long  with  a  0.347- 
mm  wall  thickness.  It  is  positioned  in  the  core  by  means 
of  five  tube  supports  fabricated  from 
M YKROX/M Y C ALEX  GRADE  machinable  ceramic. 
The  copper  septum  conductor  is  1.1  mm  thick.  Following 
assembly  of  the  core,  Inconel  vacuum  chamber,  and 
ceramic  stand-offs,  the  remaining  open  volume  of  the 
magnet  gap  is  filled  with  a  concrete  type  material  thereby 
yielding  a  solid,  one-piece  unit  suitable  for  high  radiation 
environments.  The  magnet  is  then  completed  with  the 
addition  of  the  field-free  tube  vacuum  chamber  which 
doubles  as  a  magnetic  shield,  tie  bars,  flanges,  etc.  The 
gap  between  the  inside  wall  of  the  embedded  vacuum 
chamber  and  the  inside  wall  of  the  stored  beam  vacuum 


chamber  is  specified  to  be  2.4  mm;  however,  in  actuality 
it  is  3.5  mm.  Special  care  is  necessary  in  welding  the 
vacuum  chambers  to  prevent  weld  bead  from  enlarging 
this  area.  The  septum  magnet  is  shown  in  Fig.  6.  Some 
operational  parameters  are  given  in  Table  5. 


Figure  6:  Top  view  of  the  storage  ring  AC  thin 
injection  septum 


Table  5:  Storage  ring  AC  thin  injection  septum 
parameters 


Number 

1 

Maximum  Effective  Septum  Thickness 

3.5  mm 

Physical  Length 

1.06  m 

Effective  Length 

1.05  m 

Gap  Height 

20  mm 

Gap  Width 

34  mm 

Bending  Angle 

33  mrad 

Peak  Field 

0.73  T 

Peak  Supply  Current 

1 1.74  kA 

Peak  Power 

62  kW 

Power 

0.042  kW 

Pulse  Width  (1.5  kHz  1/2  sine) 

530  ps 

Average  Power 

0.042  kW 

3  CONCLUSION 

The  primary  septum  effort  at  the  APS  is  complete,  and 
spare  magnets  have  been  assembled  and  tested.  Existing 
magnets  in  the  facility  are  being  monitored  for  their 
performance,  and  maintence  and  upgrades  are  made  as 
rquired.  A  new  out-of-vacuum  core  direct-drive  design 
for  the  synchrotron  injection  septum  will  soon  be 
complete. 
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HARMONIC  MEASUREMENT  FOR  KEK  B-FACTORY  STEERING 

MAGNETS 

Y.Han,  Z.Q.Feng,  W.Chen,  B.G.Yin,G.Y.Zhao 
Institute  of  High  Energy  Physics,  Chinese  Academy  of  Sciences,  Beijing 


Abstract 

Total  of  920  steering  magnets  for  KEK  B-Factory  have 
been  measured  by  the  microcomputer  controlled 
measurement  system  at  IHEP.  It  took  more  than  two 
years.  During  this  period,  two  reference  magnets  were 
measured  many  times.  The  reproducibility  for  the 
reference  magnets  is  better  than  8xl0".This  system  was 
used  to  measure  magnets  for  BEPC  (Beijing  Electron 
Positron  Collider)  ten  years  ago.  But  it  has  been 
improved  and  updated  to  meet  the  new  requirements. 
This  paper  will  cover  the  details  of  the  measurement 
system  devices,  method  as  well  as  results. 

1  INTRODUCTION 

The  measurement  system  has  been  improved  to  measure 
the  steering  magnets  for  KEK  B-Factory  at  IHEP. 
According  to  the  field  measurement  requirement  for  KEK 
B-Factory  steering  magnets,  we  measured  920  KEK  B- 
Factory  steering  magnets.  We  started  this  work  in 
February  1996  and  finished  it  in  July  1998.  These 
magnets  are  divided  into  four  types  according  to  their 
different  field  strength.  We  use  the  same  measurement 
system  but  different  magnet  power  supplies.  The 
requirements  of  measurement  specification  are  as  follows: 

•  Multiple  contents  at  the  reference  radius  of  50  mm 

•  The  integral  field  distribution  along  the  vertical 
direction 

•  Excitation  curve  of  the  integral  field 

2  HARMONIC  MEASUREMENT  SYSTEM 

The  measurement  system  is  based  on  the  harmonic  coil 
method.  The  block  diagram  of  rotating  long  coil 
measurement  system  is  shown  in  Fig.l.  It  consists  of 
rotating  long  coil,  AC  motor  and  data  acquisition  system. 

•  Rotating  long  coil:  It  was  used  to  measure  magnets 
for  BEPC  ten  years  ago.  The  measurement  system 
was  updated  for  KEKB  magnets. 

•  Switch  box:  It  was  used  to  improve  the  bucking 
ratio  by  precise  potentiometer.  For  these 
measurements,  we  used  the  unbucked  method. 

•  Amplifier  and  14  bit  Analog  and  Digital  Converter. 

•  Angular  encoder:  5VN271DZ,  1024  cycles  per 
turn  with  index  signal. 

•  AC  Motor:  1 1  turns  per  second  by  decelerator. 

Y.Han  Email  hanyi@bepc3.ihep.ac.cn 


•  Computer:  The  computer  controls  the  measurement 
procedures  and  performs  the  data  process.  The 
software  is  written  in  Quick  BASIC  language. 

•  Magnet  power  supply:  It  is  controlled  by  the 
computer.  The  current  stability  is  better  than  lx  10". 

The  resolution  of  the  measurement  coil  and  data 
acquisition  system  is  the  order  of  10‘5  .The  relative 
precision  of  the  rotating  measurement  system  is  better 
than  2x10" .  The  absolute  precision  is  better  than  5x10" . 


3  FIELD  MEASUREMENT  RESULTS 

•  Quality  of  magnetic  field 
The  field  measurements  include  multiple  contents, 
integral  field  distribution  and  excitation  cure  of  the 
integral  field.  The  excitation  curve  of  KEK-HER-400  is 
shown  in  Fig.2.  The  average  values  of  integral  field  for 
400  KEKB-HER-STV  magnets  and  420  KEKB-LER- 
STV  magnets  are  22317.5  Gs-cm  and  14174.05  Gs-cm 
respectively.  The  integral  field  dispersion  of  400  KEKB- 
HER-STV  magnets  at  3A  is  shown  in  Fig.3  and  420 
KEKB-LER-STV  magnets  in  Fig.4.  Their  Standard 
Deviations  are  8.36x10"  and  1.54xl0'}. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Fig.2  Excitation  Curve  of  KEK-HER-400 
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Fig.4  Integral  field  dispersion  at  3A  for  420  KEKB- 
LER-STV  magnets 


Fig.5  Field  distribution  for  400  KEK-HER-STV 
magnets 
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Fig. 6  Field  distribution  for  420  KEK-LER-STV 
magnets 
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The  field  distribution  for  400  KEKB-HER-STV  magnets 
is  shown  in  Fig.5,  420  KEKB-LER-STV  magnets  in 
Fig.6.  These  magnets  are  C  type,  their  left  sides  are 
opened. 

•  Reproducibility  of  measurement 
We  regarded  KEKB-LER-400  and  KEKB-HER-400  as 
reference  magnets.  We  monitored  the  stability  of 
measurement  system  by  measuring  the  reference  magnets. 
We  measured  two  reference  magnets  29  times  during  this 
period.  The  reproducibility  of  the  integral  dipole  field  is 
better  than  8xl0\  The  integral  field  dispersion  A  / 
Bdl/(  f  Bdl)ave.  of  KEKB-LER-400  magnet  at  2A  is 
shown  in  Fig.7,  and  that  of  KEKB-HER-400  magnet  is 
shown  in  Fig.8 


Fig.7  The  integral  field  dispersion  of  KEKB-LER-400  at 
different  measurement  times 


Fig.8  The  integral  field  dispersion  of  KEKB-HER-400  at 
different  times 


4  CONCLUSION 

The  field  performance  of  the  magnets  satisfies  the  KEK 
B-Factory  specification  requirements.  From  the 
measurement  results,  it  is  concluded  that  the  harmonic 
measurement  system  has  the  performance  with  high 
resolution  and  repeatability. 
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Y.Mori,  M.Muto,  E.Yanaoka,  KEK-Tanashi,  3-2-1  Midori-cho,  Tanashi  188-8501,  JAPAN 
H.Someya,  F.Q.  Zhang,  T.Adachi,  KEK,  1-1  Oho,  Tsukuba  305-0801,  JAPAN 


Abstract 

In  order  to  estimate  a  field  disturbance  of  a  guiding 
field  of  a  synchrotron  due  to  an  eddy  current,  magnetic 
fields  in  a  bending  magnet  have  been  measured.  The  mag¬ 
net  was  excited  by  a  sinusoidal  current  with  a  repetition  of 
30  Hz.  Two  search  coils  were  used  in  the  measurements. 
One  is  a  reference  coil  and  the  other  is  a  measurement  coil. 
An  imaginary  part  of  an  eddy  field  was  derived  from  phase 
difference  between  two  coil  signals.  The  results  were  com¬ 
pared  with  a  simple  two-dimensional  model. 

1  INTRODUCTION 


The  field  measurement  was  performed  on  the  median 
plan(y  =  0). 


Figure  1 :  Test  magnet  for  the  JHF  50  GeV  ring 


The  JHF(Japan  Hadron  Facility)  plan  is  being  pro¬ 
gressed.  The  JHF  accelerator  complex  comprises  the  200 
MeV  linac,  the  3  GeV  synchrotron  and  the  50  GeV  syn¬ 
chrotron. 

The  3  GeV  booster  synchrotron  is  a  rapid-cycling  syn¬ 
chrotron  with  a  repetition  of  25  Hz.  In  such  a  rapid-cycling 
synchrotron,  it  is  expected  that  an  eddy  field  disturbs  a 
guiding  field.  There  are  some  eddy  current  sources:  metal 
wall  of  a  vacuum  chamber  installed  in  a  pulsed  magnet  and 
magnet  components(e.g.  magnet  core,  a  end  plate  made  of 
stainless  steel  and  coil  conductor). 

Since  a  ceramic  chamber  is  usually  used  in  a  rapid¬ 
cycling  synchrotron,  the  eddy  current  induced  in  magnet 
components  mainly  contributes  to  the  field  disturbance. 

Therefore,  it  is  important  to  estimate  an  effect  of  the 
eddy  field  due  to  magnet  components.  It  has  been  known 
that  the  eddy  field  became  larger  as  closer  to  the  magnet 
edge  [l].It  implies  that  a  contribution  of  the  end  plate  to 
the  eddy  field  is  rather  large  than  magnet  core  and  con¬ 
ductor  material.  Taking  into  account  this  consideration,  we 
constructed  a  simple  two-dimensional  model. 

This  paper  describes  the  results  of  the  field  measurement 
and  our  simple  model. 

2  FIELD  MEASUREMENT 


y  30mm 


Figure  2:  Cross  section  of  the  test  magnet 

In  this  measurement,  two  search  coils  were  used:  one  is  a 
reference  coil  and  the  other  is  a  measurement  coil.  The  ref¬ 
erence  coil  was  fixed  at  the  center  of  the  magnet,  since  the 
eddy  current  effect  was  expected  to  be  negligible  at  this  po¬ 
sition.  On  the  other  hand,  the  measurement  coil  was  moved 
on  the  median  plan.  Since  the  magnet  is  excited  by  a  sinu¬ 
soidal  current  with  the  repetition  of  30  Hz,  magnetic  flux 
density  at  the  reference  point(jBre/)  is  given  by, 

Bref  =  B0eiut  (1) 

The  flux  density  at  measuring  point  (Bmeas)  is  given  by, 


2.1  Measurement 

A  test  magnet  for  the  JHF  50  GeV  ring  was  used  for  the 
eddy-field  measurement.  Fig.  1  shows  the  test  magnet.  The 
test  magnet  was  excited  with  a  repetition  of  30Hz  by  an  ac 
power  supply  using  IGBT  [2],  Fig  2  shows  cross  sections 
of  the  magnet:  the  left  is  cut  by  x-y  plane  and  the  right  cut 
by  y-z  plane.  The  coordinate  system  defined  here  is  used 
through  this  paper. 
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Bmeas  =  (h  +  b2eiS)e^  =  B (2) 

where  b\  is  the  amplitude  of  a  main  field  and  b2  exp(i$)  is 
it  the  amplitude  of  the  eddy  field.  0  and  B\  are  given  by, 


Bi  =  (bi2  -I-  b22  +  2bib2  cos  5)  * 
~  bi  +  b2  cos  5, 


(4) 
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respectively.  Here,  we  assumed  that  the  eddy  field  is  suffi¬ 
ciently  small  compared  with  the  main  field,  i.e.  bi  »  62 

In  terms  of  eqs  (3)  and  (4),  an  imaginary  part  of  the  eddy 
field  is  obtained  as  follows: 

62  sin  6  =  Bi  tan  6.  (5) 

In  order  to  measure  a  contribution  of  the  end  plate  defi¬ 
nitely,  we  made  a  part  of  the  end  plate  removable,  as  shown 
in  figure  2. 

Signals  of  two  search  coils  were  sent  to  a  fft  servo  ana¬ 
lyzer,  and  phase  difference  6  and  B\  was  measured. 


It  is  assumed  that  all  material  parameters  are  constant 
both  in  time  and  space.  Eliminating  E  and  j  from  the  fun¬ 
damental  equations,  one  can  obtain  the  following  equation. 

V2H  -  =  0.  (7) 

In  a  vacuum,  assuming  that  a  —  0, 

V2H  =  0.  (8) 

Here,  the  magnetic  field  H  is  superposition  of  the  exter¬ 
nal  field  Hext  and  the  eddy  field  v. 


2.2  Experimental  Results 


H  =  Hext+v.  (9) 

In  addition,  setting  H  =  HelbJt,  we  obtain  the  following 
equation: 


Figure  3:  Longitudinal  dependence  of  the  eddy  field. 

The  longitudinal  dependence  of  the  imaginary  part  of  the 
eddy  field  is  shown  in  figure  3.  Here,  open-circles  denote 
the  results  in  the  normal  case  and  solid-circles  denote  the 
results  in  the  case  that  the  removable  plate  is  changed  by  a 
Bakelite  plate.  The  eddy  field  is  normalized  by  a  compo¬ 
nent  of  the  main  field(Bo)  at  the  magnet  center. 

The  results  show  that  the  contribution  of  the  end  plate  is 
rather  large.  It  is  consistent  with  the  former  resultsfl]. 

The  contribution  of  the  removable  plate  to  the  eddy  field 
can  be  estimated  by  subtracting  the  latter  results  from  the 
former.  It  will  be  compared  with  a  simple  two-dimensional 
model. 


V20  -  iujap(Hext  +  v)  =  0.  (10) 


O  Hext 


x 


Figure  4:  two-dimensional  problem 

In  order  to  solve  the  above  equation,  we  make  a  problem 
to  be  restricted  to  two-dimensional  case,  where  the  eddy 
current  is  bounded  in  a  conducting  plane,  which  is  rectan¬ 
gular  plane  with  size  of  2a  x  26,  and  the  external  field  is 
perpendicular  to  the  plane,  as  shown  figure  4. 

The  solution  is  obtained  by  giving  a  boundary  condition 
that  0  =  0  along  the  circumference.  The  result  is  as  fol¬ 
lows: 


3  TWO-DIMENSIONAL  MODEL 

3.1  Formulation 

The  fundamental  equations  describing  eddy  currents  are 
as  follows: 


_dB_ 
dt 

=  3  (6) 

=  aE, 

where  H  and  E  are  the  magnetic  and  electric  field  strength, 
respectively.  B  is  the  magnetic  flux  density  and  j  is  the  cur¬ 
rent  density,  p  and  a  are  magnetic  permeability  and  electric 
conductivity,  respectively. 


rotE 

rotH 

3 


1  fi  _  . 

v  =  -kHext—  Y]  (11) 

771,71=1 

(_l)m+n  cog  2m-l7vx  cog 

(C2^)2  +  WO2  +  fc}(2 m  -  l)(2n  -  1)  ’ 

where  k  —  iwop  and  we  assumed  that  Hext  =  constant. 
The  eddy  current  can  be  obtained  by  j  =  rotv  ,  therefore 
jx  and  3y  is  given  by, 


=  k 


16 


OO 


7T2 


j  E 

771,71=1 

(  — ir+n2n^COS^ 

^  2m— 1 


(12) 


yy)  __  1  ■  9«  —  1 

. “a^TrcoB^-Trgsin-sy-Try 

^)2  +  (¥02  +  W2 m  -  l)(2n  -  1) 
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t  <‘3> 

m,n= 1 

(_l)m+n  2m- 1  n  g'n  2m- lwxcos  2l^lny 

+  (^)2  +h(2m  -  l)(2n  -  1) ' 

A  fraction  of  the  eddy  current  of  the  conducting  jfiane 
contributes  the  eddy  field  at  the  field  point,  P,  by  dHeddy, 
as  shown  in  figure  5. 
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Figure  6:  Longitudinal  distribution  of  the  eddy  field 


dHeddy  — 


/  ds 
4-7T  |ri|2 


(14) 


We  must  also  take  into  account  magnetic  charge,  r,  in¬ 
duced  on  the  surface  of  the  magnet  core,  r  is  approximately 
given  by 


T  SB  Ho(Heddy)±,  (15) 

where  ( Heddy)±  is  the  component  of  the  eddy  field  perpen- 
dicular  to  the  core  surface.  Hence,  the  contribution  of  the 
magnetic  charge  at  P  ,  dHm  is  obtained  as 


0.92  [ o • 


09  .  ..i  ■  ,  >  1  .  .  .  i  I  .  .  i  .  .  .  i  .  .  .  I  .  .  ,  I 
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Figure  7:  Transverse  distribution  of  the  eddy  field 


dHm 


rdx'dy'  r? 
47r/i0|f2|2  | f2 


(16) 


4  CONCLUSION 


Figure  5:  Model  of  the  field  calculation 
Consequently,  the  magnetic  field  at  P  is  given  by, 

H  =  I  dHm  +  f  dHeddy  (17) 

J  coresurface  J  conduct  or  plane 


The  field  disturbance  due  to  the  eddy  current  induced  in 
a  magnet  end  plate  was  measured.  The  results  are  com¬ 
pared  with  a  simple  analytical  model.  The  model  can  ex¬ 
plain  the  shape  of  distribution,  while  the  values  are  less 
than  the  experimental  results.  Such  a  discrepancy  may  be 
caused  by  an  assumption  of  a  constant  external  field(ffext), 
since  Hext  is  not  constant  actually  on  the  end  plate. 

Another  possibility  is  that  the  contribution  of  the  mag¬ 
netic  charge  induced  by  the  eddy  field  is  not  sufficiently 
estimated.  This  problem  is  now  being  considered. 

An  eddy  field  due  to  a  vacuum  chamber  in  a  pulsed  mag¬ 
net  can  be  also  calculated  using  our  model.  Therefore  the 
eddy  field  due  to  the  vacuum  chamber  will  be  measured 
soon. 
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FIELD  MEASUREMENT  RESULTS  OF  THE  KEK  B-FACTORY 
QUADRUPOLE  AND  SEXTUPOLE  MAGNETS 

K.Egawa,  M.Masuzawa#.  KEK,  Tsukuba,  Japan 


Abstract 

The  magnetic  properties  of  the  quadrupole  and  sextupole 
magnets  for  the  KEK  B-factory  rings  (LER  and  HER)[1] 
are  measured  by  two  sets  of  harmonic  coil  systems,  one 
for  the  LER  magnets  and  the  other  for  the  HER  magnets, 
at  KEK  over  an  18  month  period[2].  The  main  field 
strength,  offsets  between  the  mechanical  and  magnetic 
centers,  higher  order  multipole  components  and  effective 
lengths  of  the  magnets  are  measured. 

1  INTRODUCTION 

The  design  parameters  of  the  quadrupole  and  sextupole 
magnets  are  given  in  Table  1[1].  QA(HER)  and  QB(HER) 
are  recycled  TRISTAN  magnets[3].  QA(LER),  Qs(HER), 
Qx(HER),  QA(HER)  and  QB(HER)  are  the  quadrupole 
magnets  in  the  arc  sections.  Qrf(LER)  and  Qrf(HER)  are 
the  quadrupole  magnets  for  the  straight  sections  where  the 
RF  stations  are  located[l].  The  skew  quadrupole  magnets 
are  Qsk(LER),  Qskl(HER),  and  Qsk2(HER).  The 
remaining  magnets  in  the  table  are  the  sextupole  magnets. 
The  field  gradient  in  the  table  is  calculated  at  the 
maximum  current  of  the  power  supplies  used.  The 
maximum  current  values  are  200A  for  the  skew 
quadrupoles,  500A  for  the  other  quadruples  and  425A  for 
the  sextupoles.  All  of  the  magnets  are  fabricated  from  0.5 
mm-thick  lamination  plates.  The  specified  tolerance  for 
the  core  assembly  is  0.35mm[3], 


TableJ^Magjetparannetos 


Magnet 

r 

(mm) 

L 

(mm) 

B’(T/m)  or 
B”(T/m2) 

#  of 
mag 

OA(LER) 

55 

400 

10.2 

414 

QrfflLER) 

83 

500 

6.3 

36 

Qsk(LER) 

105 

200 

0.7 

8 

Sx(LER) 

56 

300 

340 

104 

SxC(LER) 

85 

300 

77.5 

4 

Qs(HER) 

50 

500 

12.7 

80 

Qx(HER) 

50 

760 

12.7 

4 

Qrf(HER) 

83 

1000 

6.3 

43 

Oskl(HER) 

105 

500 

0.7 

7 

Osk2(HER) 

80 

300 

1.3 

5 

QA(HER) 

50 

762 

8.5 

199 

QB(HER) 

50 

960 

8.5 

110 

SxF(HER) 

56 

300 

340 

56 

SxD(HER) 

56 

1000 

350 

48 

Note:  r  and  L  denote  the  bore  radius  and  the  lamination 
length,  respectively. 
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2  HARMONIC  COIL  MEASUREMENTS 

2.1  Quadrupole  Magnets 

The  integrated  quadrupole  field  along  the  beam  line  (Z- 
axis)  is  measured  by  a  harmonic  coil,  1 .5m  in  length  for 
the  LER  system  and  1.8m  for  the  HER  system.  The 
dipole  components  measured  by  0.2m  short  coils  are  used 
to  calculate  the  transverse  offset  between  the  mechanical 
and  magnetic  centers.  Figs.  l(a)-(c)  show  the  field  strength 
distributions  at  various  currents  for  QA(LER).  Fig.  1(d) 
gives  the  distribution  of  the  ratio  of  the  central  field 
measured  by  the  central  short  coil  to  the  integrated  field 
measured  by  the  long  coil.  This  is  proportional  to  the 
effective  length  of  the  magnet.  Figs.  l(a>(e)  present  the 
corresponding  distributions  for  different  currents.  The 
standard  deviation  has  a  slight  dependence  on  the  field 
strength.  This  is  due  to  the  iron  permeability 
characteristics  at  different  field  strengths.  Fig.  2  shows  the 
normalized  higher  order  multipole  components  for 
QA(LER).  A  pole-end  shim  correction  is  made  in  order  to 
reduce  the  n6  component.  The  offsets  between  the 
mechanical  and  magnetic  centers  are  shown  in  Fig.  3  for 
QA(LER).  X,  y  and  z  correspond  to  the  horizontal, 
vertical  and  beam  directions,  respectively.  The 
measurement  results  are  summarized  in  Table  2  for  the 
quadrupole  magnets. 


Figure  1:  QA(LER)  quadrupole  field  strength  distribution  at 
(a)100A  (o=7.1  e-04),  (b)200A  (o=6.7e-04),  (c)300A 

(o=6.7e-04),  (d)400A  (o=7.2e-04)  and  (e)500A  (o=7.2e-04). 
The  integrated  quadrupole  field  is  normalized  by  the  average 
value.  Fig.  1(f)  represents  the  distribution  of  the  effective 
length  at  I=500A  (o=5.7e-04). 
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Figure  2:  Normalized  amplitude  is  plotted  against  harmonic 
numbers  for  QA(LER).  Error  bars  correspond  to  one  standard 
deviation. 


for  SxD.  Fig.  5(d)  presents  the  remnant  field  distribution, 
which  reflects  the  variation  of  the  coercive  force  of  the 
iron.  The  higher  order  multipole  components  normalized 
to  the  sextupole  strength  at  I=425A  is  plotted  in  Fig.  6(a) 
for  SxD(HER)  and  (b)  for  SxC(LER).  The  other 
measurement  results  for  the  sextupole  magnets  are  given 
in  Table  3. 
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Figure  3:  The  horizontal  and  vertical  offsets  between  the 
mechanical  and  magnetic  centers  for  QA(LER). 


Table  2:  Measurement  Results  for  the  Quadrupoles 


AB’L 

Ax 

mm 

B5B185! 

I  QA(LER) 

7.2e-04 

50 

30 

4.5e-04 

6.8e-04 

30 

30 

3.5e-04 

7.1e-04 

50 

70 

7.0e-04 

1  Os(HER) 

4.9e-04 

60 

50 

6.0e-04 

7.5e-04 

60 

10 

2.0e-04 

uzszm 

5.5e-04 

50 

40 

3.8e-04 

3.1e-04 

30 

30 

4.2e-04 

1  Osk2(HER) 

2.1e-04 

40 

10 

2.7e-04 

6.0e-04 

40 

70 

4.4e-04 

ISSHI 

5.0e-04 

50 

60 

4.2e-04 

AB’L  is  the  RMS  of  the  normalized  quadrupole  field 
distribution  at  the  field  strength  given  in  Table  1.  Ax  and 
Ay  are  the  horizontal  and  vertical  offsets  in  |J.m  between 
mechanical  and  magnetic  centers.  ALeff  is  the  RMS  of  the 
effective  length. 

2.2  Sextupole  Magnets 


Figure  4:  Normalized  (by  the  average)  integrated  sextupole 
field  plotted  against  the  production  number  of  the  magnets. 
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Figure  5:  The  sextupole  field  strength  distribution  at 
(a)I=200A,  (b)I=300A,  (c)l=425A  and  (d)I=0A  for  SxD.  The 
field  is  normalized  by  the  average  for  each  current.  The  RMSs 
are  (a)9.7e-04,  (b)1.0e-03,  (c)8.0e-04  and  (d)2.7e-02. 


The  sextupole  magnets  are  measured  with  the  same 
system  as  the  quadrupole  magnets.  The  normalized 
integrated  sextupole  field  is  plotted  against  the  magnet 
production  number  in  Fig.  4.  The  lamination  punching 
dye  was  modified  after  the  first  -40  magnets.  There  is  a 
noticeable  effect  as  is  shown  in  the  plot.  According  to  the 
field  strength,  all  of  the  sextupole  magnets  are  paired  so  as 
to  keep  the  difference  between  the  pair  below  5.e-04.  The 
sextupole  field  strength  errors  are  shown  in  Figs.  5(a>(d) 


Figure  6:  Higher  order  multipole  components  at  I=425A 
for  (a)  SxD(HER)  and  (b)SxC(LER).  A  larger  bore  radius 
results  in  the  better  field  quality  of  SxC(LER). 


Table  3:  Measurement  Results  for  the  Sextupoles 


Magnet 

AB”L 

1 

X 

< 

Ay(ttm) 

Sx(LER),SxF(HER) 

1.3e-03 

30 

40 

SxC(LER) 

3.3e-04 

20 

20 

SxD(HER) 

8.1e-04 

40 

40 
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3  MAPPING 

A  mapping  is  performed  for  one  magnet  in  each  group. 
The  system  consists  of  a  twin-flip  coil[4].  The  coil  moves 
along  the  Z-direction  and  the  field  is  measured  every 
10mm.  Fig.  7  and  Fig.  8  are  the  field  distribution  along 
the  Z-direction  for  Qrf(LER)  and  QB(HER).  Table  4 
summarizes  the  effective  lengths  of  the  quadrupole  and 
sextupole  magnets  at  the  maximum  field  strengths.  The 
Leff  dependence  on  the  current  (field  strength)  is  plotted  for 
various  types  of  LER  and  HER  quadrupole  magnets  in 
Figs.  9(a)  and  (b). 

1.2 
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0.8 
0.6 
0.4 
0.2 
0 

1.001 
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0.999 
0.998 
0.997 
0.996 

-600  -400  -200  0  200  400  600 
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Figure  7:  Qrf(LER)  mapping  results.  The  top  plot  shows  the 
entire  mapping  region  while  the  bottom  one  shows  the 
central  region  only  (fine  scale).  The  magnet  center 
corresponds  to  Z=0. 


Figure  8:  QB(HER)  fine  scale  mapping  results.  The 
distribution  indicates  an  uneven  lamination  stacking  or/and  a 
distortion  from  welding. 
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Figure  9:  Normalized  as  a  function  of  I.  L=ff  is  normalized 
by  the  values  in  Table  4.  Solid  circle,  open  circle,  solid  square 
and  open  square  correspond  to  QA(LER),  Qrf(LER),  QS(HER) 
and  Qrf(HER),  respectively. 


Table  4:  Effective  Lengths  calculated  from  Mapping 


Magnet 

Lcff(nim) 

Magnet 

Lrff(mm) 

0A(LER) 

458.987 

QrfCHER) 

1079.31 

Qrf(LER) 

582.129 

Qskl(HER) 

593.12 

Osk(LER) 

297.802 

Qsk2(HER) 

379.86 

SxfLER) 

355.795 

QA(HER) 

825.42 

SxC(LER) 

552.767 

QB(HER) 

1015.51 

Os(HER) 

554.102 

SxF(HER) 

355.80 

Qx(HER) 

812.589 

SxD(HER) 

1019.13 

4  CALIBRATION 

The  harmonic  coil  system  is  calibrated  with  a  dipole 
magnet  of  known  integrated  dipole  field  strength,  BL.  BL 
is  translated  into  the  radius  of  the  harmonic  coil  and  thus 
the  calibration  constant  is  obtained.  The  calibration 
constants  obtained  from  this  method,  however,  are  still 
preliminary.  Calibration  with  other  methods  is  needed  in 
order  to  determine  the  quadrupole  and  sextupole  field 
strengths  to  within  l.e-03  accuracy. 

5  SUMMARY 

Series  measurements  of  the  KEK  B-factory  LER  and  HER 
quadrupole  and  sextupole  magnets  are  completed.  The 
quality  of  the  newly  fabricated  magnets  and  the  recycled 
TRISTAN  magnets  have  been  checked.  The  RMSs  of 
the  offsets  between  the  mechanical  and  magnetic  centers 
are  smaller  than  the  beam  optics  requirements  of  0.1  mm 
in  both  x  and  y  directions.  The  RMS  of  the  field 
strength  distributions,  the  magnitude  of  the  higher  order 
multipole  components  and  the  strength  of  the  main  field 
also  satisfy  the  optics  requirements. 
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STUDY  OF  THE  MAGNETIC  COUPLING  BETWEEN  QUADRUPOLE 
AND  DIPOLE  CORRECTOR  MAGNETS  FOR  THE  KEK  B-FACTORY 

K.Egawa,  M.Masuzawa.  KEK,  Tsukuba,  Japan 


Abstract 

Most  of  the  quadrupole  magnets  in  the  KEK  B-factory  are 
accompanied  by  a  set  of  vertical  and  horizontal  dipole 
corrector  magnets  in  both  the  LER  and  HER  ringsfl].  The 
typical  separation  between  a  quadrupole  and  a  dipole 
corrector  magnet  is  202  mm,  as  measured  from  the 
laminated  ends.  This  corresponds  to  ~3.7  (2.4)  times  of 
the  bore  radius  of  a  quadrupole  magnet  in  the  arc  (straight) 
sections.  Since  the  series  measurements  of  quadrupole 
magnets  were  performed  without  any  magnetic  material 
nearby[2],  the  effect  of  the  magnetic  coupling  from  the 
corrector  dipole  magnet  in  the  actual  beam  line  needs  to  be 
measured.  Measurements  of  the  coupling  between 
quadrupole  and  dipole  corrector  magnets  are  presented. 

1  INTRODUCTION 

Magnetic  coupling  between  a  quadrupole  and  a  dipole 
corrector  magnet  is  measured  with  two  systems,  a 
harmonic  coil  system  and  a  mapping  system[3].  The 
harmonic  coil  system  is  used  to  measure  each  of  the  field 
components  with  and  without  a  magnet  nearby  at  various 
separations  between  the  two  magnets.  The  mapping 
system  is  used  to  measure  the  field  distribution  along  the 
beam  line  to  obtain  the  effective  length.  Table  1  shows 
the  parameters  of  the  magnets  discussed  in  the  following 
sections. 


Table  1:  LER  Magnet  parameters 


Magnet 

name 

Magnet  type 

Lamination 

length(mm) 

r(mm) 
or  g/2 

QA 

quadrupole 

400 

55 

Qrf 

quadrupole 

500 

83 

StV(arc) 

dipole  corrector 

200 

76.5 

StH(arc) 

dipole  corrector 

200 

58 

StV(wide) 

dipole  corrector 

200 

100 

StH(wide) 

dipole  corrector 

200 

86 

Note:  QA  and  Qrf  represent  quadrupole  magnets  in  the 
LER  arc  sections  and  straight(RF)  sections,  respectively. 
StV(arc)  and  StH(arc)  are  the  vertical  and  horizontal  dipole 
corrector  magnets  in  the  arc  sections.  StV(wide)  and 
StH(wide)  are  the  vertical  and  horizontal  dipole  corrector 
magnets  for  the  straight  sections,  respectively. 

2  EFFECT  ON  THE  QUADRUPOLE 
FIELD 

2.1  Effect  on  the  main  quadrupole  field 

A  2.5m  harmonic  coil  is  used  to  measure  the  magnetic 
coupling  between  the  quadrupole  and  dipole  corrector 
magnets  as  shown  in  Fig.  1.  The  quadrupole  field  is 


measured  without  a  dipole  corrector  magnet  first.  A  dipole 
corrector  magnet  is  placed  at  various  distances  and  the  field 
of  the  quadrupole  magnet  is  measured  at  each  distance.  No 
current  is  applied  to  the  dipole  corrector  magnet  during  the 
measurement. 


Figure  1:  The  magnetic  coupling  measurement  between 
QA  (on  the  left)  and  StV(arc)  by  a  harmonic  coil. 


Fig.  2  shows  the  magnetic  coupling  effect  on  the  QA 
integrated  quadrupole  field  when  there  is  an  StV(arc)  or  an 
StH(arc)  nearby.  The  field  is  normalized  to  the  case  where 
there  is  no  dipole  corrector  magnet  nearby  and  plotted 
against  the  separation.  At  a  separation  of  202  mm  (the 
standard  position  in  the  KEKB  rings)  the  integrated  main 
quadrupole  field  (B’L)  is  reduced  by  0.1%  and  0.09%  for 
the  combinations  of  [QA,  StH(arc)]  and  [QA,  StV(arc)], 
respectively.  The  other  combination,  [Qrf,  StV(wide)] 
shows  a  larger  coupling  effect  of  0.2%  at  the  same 
separation.  This  is  due  to  the  larger  Qrf  bore  radius. 


Separation(mm) 


Figure  2:  B’L/(B’L  with  no  dipole  corrector  magnet 
nearby)  is  plotted  as  a  function  of  the  separation.  The 
open  and  solid  circles  correspond  to  the  combinations  of 
[QA,  StH(arc)]  and  [QA,  StV(arc)],  respectively.  The 
arrow  indicates  the  standard  position  of  StV(arc)  and 
StH(arc)  with  respect  to  QA  in  the  KEKB  tunnel. 

The  magnetic  coupling  dependence  on  the  QA  field 
strength  (i.e.,  QA  current)  is  measured.  Figs.  3(a)  and  (b) 
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show  the  coupling  effect  as  a  function  of  QA  current.  As 
seen,  the  current  dependence  is  not  significant. 


0  100  200  300  400  500  0  100  200  300  400  500 

1(A)  1(A) 

Figure  3:  Magnetic  Coupling  dependence  plotted  against 
various  QA  currents  (100A,  200A,  300A,  400A  and 
500A)  for  the  combinations  of  [QA,  StV(arc)]  (a)  and 
[QA,  StH(arc)]  (b).  The  open  circles,  squares  and  triangles 
correspond  to  a  separation  of  202mm,  222mm  and 
242mm,  respectively. 

2.2  Effect  on  the  higher  order  multipole 
components 

In  Fig.  4,  the  effect  on  the  multipole  components  is 
shown  for  the  [Qrf,  StV(wide)]  combination.  As 
mentioned,  this  combination  shows  a  larger  coupling 
effect  than  the  [QA,  StV(arc)]  combination.  However,  no 
significant  effect  from  the  magnetic  coupling  is  observed 
in  the  higher  order  multipole  components. 


I.UUUU 

1 

0.9995 

0.999 

0.9985 


_...,(a)StV{ 

i  i « 
AjJ 

arc).... 

l.JJ 

j 

_ i _ i _ i 

i _ J _ L 

,<h)StH(ard)-L. 


J _ L 


£  1  b-  c 


3° 


o  No  dipole  corrector  magnet  nearby 

•  Dipole  corrector  magnet  nearby 


a 

p 

t5  -3  r 
§10 


£10  [r 


o  -5  f 
Z10  1 


t , v ,  t  ?  t  it  i  ? 


J _ I _ I _ I _ I _ I _ I _ I _ L 


2  3  4  5  6  7  8  9  10  11  12  13  14  15 

Multipole  order 


Figure  4:  Normalized  multipole  components  of  Qrf  are 
plotted.  Open  circles  show  the  case  when  there  is  no 
dipole  corrector  nearby.  Error  bars  indicate  one  standard 
deviation.  Solid  circles  correspond  to  the  case  when  a 
StV(wide)  is  placed  at  its  standard  location. 


2.3  Effect  on  the  effective  length 


Fig.  5  shows  the  mapping  system  used  to  obtain  the  field 
distribution  along  the  beam  line.  The  effective  length, 
Leff,  of  QA  is  calculated  from  the  field  distribution  shown 
in  Fig.  6(a).  LefI  changes  from  458.99  mm  to  458.60  if 
StV(arc)  is  placed  at  the  standard  position.  The  reduction 
in  Leff  is  0.085%,  which  agrees  with  the  AB’L 
measurement  made  with  the  harmonic  coil  discussed  in 
section  2.1.  The  right  side  of  the  field  distribution  is 
distorted  as  shown  in  Fig.  6(b),  which  indicates  that  the 
field  is  partially  absorbed  by  StV(arc).  Fig.  6(c)  shows 
the  difference  between  the  distorted  and  the  original 


distributions.  The  absorbed  field  peaks  at  z=202  mm, 
where  the  StV(arc)  lamination  begins.  The  normalized 
absorbed  field  is  plotted  in  Fig.  6(d).  Almost  100%  of  the 
quadrupole  field  is  absorbed  by  StV(arc)  at  z=300  mm, 
which  corresponds  to  the  center  of  the  dipole  corrector 
magnet.  Table  2  summarizes  the  coupling  effects  on  QA. 


Table  2:  Magnetic  coupling  effect  on  QA 


corrector  dipole 

AB’L 

Acenter(mm) 

StV(arc) 

0.09% 

0.236 

StH(arc) 

0.10% 

0.275 

Note  :  The  magnetic  center  moves  away  from  the  nearby 


Figure  :  5  Mapping  system 


z=0  corresponds  to  the  position  where  QA  lamination 
begins,  (b)  Two  cases  with  StV(arc)  (solid  circle)  and 
without  StV(arc)  (open  circle).  (c)Difference  between  the 
two  distributions  in  (b).  Difference  distribution  (c)  is 
normalized  by  distribution  (a)  and  plotted  in  (d). 
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3  EFFECT  ON  THE  DIPOLE 
CORRECTOR  FIELD 

The  dipole  corrector  field  also  becomes  smaller  due  to  the 
presence  of  a  quadrupole  magnet  nearby.  Fig.  7(a)  shows 
the  field  distribution  of  StV(wide)  along  the  beam  line 
with  and  without  a  quadrupole  magnet  in  the  standard 
position.  A  distortion  of  the  field  is  observed  near  the 
quadrupole  magnet.  The  difference  between  the  two 
distributions  is  plotted  in  Fig.  7(b).  Leff  is  reduced  from 
390.27  mm  to  358.29  mm,  which  corresponds  to  a  8.9% 
decrease  in  BL  (kick  angle).  The  dipole  magnetic  field  is 
absorbed  mainly  at  z=300  mm,  where  the  quadrupole 
lamination  begins,  as  is  shown  Fig,  7(c).  The  effect  on 
the  integrated  dipole  field  is  also  measured  by  the 
harmonic  coil  system.  The  field  reduction  is  measured  to 
be  8.5%.  This  indicates  that  the  magnetic  coupling  effect 
takes  place  locally  and  does  not  effect  the  field  in  the 
center  of  the  magnet. 


Z(mnri) 


Figure  7:  (a)  StV(wide)  field  distribution  along  the  beam 
line  with  (solid  circle)  and  without  (open  circle)  a 
quadrupole  magnet.  The  field  is  distorted  by  the  presence 
of  a  quadrupole  magnet,  (b)  The  difference  between  the 
two  distributions  in  (a).  (c)Absorbed  field  normalized  by 
the  original  field. 

The  partial  integrated  dipole  field  strength,  i.e.,  EB(z)(sum 
from  z=-950  mm  to  z),  is  plotted  as  a  function  of  z  in 
Fig.  8(a).  The  central  area  of  Fig.  8(a)  is  magnified  and 
plotted  in  Fig.  8(b).  Points  (1)  and  (2)  in  Fig.  8(b) 
correspond  to  the  centers  of  gravity  of  the  dipole  corrector 
magnet  without  and  with  a  quadrupole  magnet  nearby.  A 
shift  in  the  magnetic  center  is  observed.  The  8.9% 
reduction  in  Leff  results  in  a  15  mm  shift  for  the 
combination  of  [QA,  StV(wide)].  This  reduction  of  the 
dipole  corrector  field  and  shift  in  the  magnetic  center  ate 


summarized  in  Table  3,  for  various  types  of  dipole 
correctors  used  in  the  KEKB  LER. 


Figure  8:  (a)A  partial  sum  of  the  dipole  field  strength  as  a 
function  z.  (b)  The  difference  in  the  magnetic  centers. 
Point  (1)  and  (2)  are  the  centers  of  gravity  of  StV(wide) 
without  and  with  a  nearby  quadrupole  magnet.  A  shift  is 
observed. 


Table  3:  Magnetic  coupling  effect  on  the  LER  dipole 
,^orrectOTmagnets^on^anearby2uadni£olemagnet_ 


I  corrector 

ABL 

359.00 

6.5% 

10.3 

ESEWl 

319.29 

4.2% 

3.6 

MRSm 

390.27 

8.5% 

14.7 

372.88 

8.2% 

11.6 

Note  :The  dipole  field  is  compared  at  a  level  corresponding 
to  ~1  mrad  of  kick  angle.  Leff  in  the  table  is  the  effective 
length,  when  there  is  no  magnetic  material  nearby. 


4  SUMMARY 

The  magnetic  coupling  between  quadrupole  and  dipole 
corrector  magnets  has  been  measured.  Reduction  in  the 
integrated  main  field  is  observed  to  be  0.1 -0.2%  for  the 
quadrupole  magnets  and  4.0-9.0  %  for  the  dipole  corrector 
magnets.  The  effects  on  the  integrated  field  strength  agree 
quantitatively  with  the  mapping  results  where  ALeff  is 
measured.  Magnetic  coupling  causes  a  distortion  of  the 
field  distribution  and  thus  shift  in  magnetic  center.  No 
significant  effects  on  the  higher  multipole  components 
are  observed  for  the  quadrupole  magnets. 
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FIELD  MEASUREMENTS  OF  THE  KEK  B-FACTORY  DIPOLE  AND 

WIGGLER  MAGNETS 

K.  Egawa M.  Masuzawa,  KEK,  Tsukuba,  Japan 


Abstract 

The  KEK  B-Factory  (KEKB)  [1]  consists  of  3.5  GeV 
positron  (LER)  and  8.0  GeV  electron  (HER)  rings  and  has 
more  than  290  dipole  and  150  wiggler  magnets.  Both  the 
LER  and  the  HER  use  four  types  of  dipole  magnets. 
Wiggler  magnets  are  used  for  the  LER.  Three  long  flip- 
flop  coil  systems  were  used  to  measure  the  transverse 
distribution  of  the  integrated  magnetic  field  along  the 
beam  direction.  Each  dipole  magnet  was  measured  using 
one  of  these  system  according  to  its  size.  The  wiggler 
magnets  were  measured  using  a  rotating  coil  which 
contains  one  long  coil  and  two  half  coils.  The  long  coil 
measured  the  net  residual  integrated  magnetic  field  and 
each  half  coil  measured  the  magnetic  flux  of  each  pole. 
Field  mapping  has  also  been  performed  for  at  least  one  of 
each  type  of  magnet.  Effective  length  and  field  distribution 
along  the  beam  direction  were  measured  by  using  a  flip- 
flop  mapping  coil  system.  The  absolute  magnetic  field 
strength  at  dipole  center  was  calibrated  by  NMR.  These 
measurement  results  are  summarized. 

1  MAGNET  SYSTEM 

Many  kinds  of  magnets  more  than  1600  magnets  are  used 
for  the  KEKB  besides  correctors.  Quarter  of  the  main 
magnets  are  recycled  from  the  TRISTAN  electron-positron 
collider  (TR)  [2],  All  the  magnets  were  newly  fabricated 
for  the  LER.  All  the  dipoles  except  one  are  recycled  for 
the  HER.  The  main  parameters  of  the  dipole  and  wiggler 
magnets  are  summarized  in  Table  1.  All  the  cores  except 
Bv  and  Bs  are  made  by  using  laminated  construction 
technique.  The  required  magnetic  properties  of  the  steel 
are  shown  in  Table  2.  The  main  coil  is  made  of  02  free 
Cu  hollow  conductor.  Each  magnet  has  correction  coil 
with  about  1  %  ampere-turns  compared  to  the  main  coil 
and  also  has  1  turn  coil  per  pole  for  magnetic  flux 


monitor.  The  brief  summary  of  the  KEKB  magnet 
system  is  given  in  the  contribution  of  EPAC98  [3], 

Table  2  :  Magnetic  Properties  of  the  silicon  steel 
B5q>16T  AB50/B50  <  ±1  % 

He*-5  <70  A/m  AhJ-5/Hcl5  <±5% 


2  MEASUREMENTS 

The  tolerances  of  higher  multipole  errors  required  for  the 
dipole  magnets  are  given  in  Table  3.  Three  flip  coils  and 
one  rotating  coil  were  used  for  the  measurement  of  the 
dipole  and  the  wiggler  magnets  respectively.  The  effective 
length  and  field  distribution  along  the  beam  direction  were 
measured  by  using  a  flip-flop  mapping  coil. 


Table  3  :  Tolerances  of  systematic  multipole  errors 


Tolerance  at  50  mm  radius 

Dipole  magnets 

B3/B1  <0.12% 

B5/B1  <0.45% 

2.1  Series  Measurement 


All  the  dipoles  except  Bv  were  measured  by  the  flip  coil 
systems.  The  LER  Bare  were  measured  by  a  newly 
constructed  2  m  flip  coil.  The  LER  B]c  for  chromaticity 
correction  and  the  HER  BarC  were  measured  by  3.6  m  and 
6.6  m  flip  coils  recycled  from  TR  respectively.  Each 
probe  has  a  few  turns  coil  wound  on  glass  epoxy  cylinder. 
At  each  system,  a  pair  of  test  and  reference  dipoles  are 
facing  each  other  and  the  probe  moves  horizontally 
between  two  dipoles.  The  integrated  magnetic  field  BL 
(integrated  along  beam  direction)  was  obtained  to  measure 
the  induced  voltage  by  flipping  the  probe  in  the  dipole 
field.  MetroLab  high  precision  integrators  (PDI5025)  were 
used  to  digitize  the  induced  voltage.  The  BL's  were 
measured  along  transverse  direction  at  several  different 
currents.  After  measuring  a  test  magnet,  the  probe  came 
back  to  the  reference  magnet  and  measured  it  to  eliminate 


Table  1:  LER  and  HER  Dipole  Magnet  Parameters 


g/2  (mm) 

L-lam  (m) 

B(T).dsgn 

No.of.mag 

ampere/pole 

L.eff  [m] 

B[T].meas 

LER  /  Bare 

57 

0.76 

0.848 

134 

1250A  x  32 

0.8876 

0.83616 

Blc 

57 

2.1 

0.52 

26 

1000A  x  24 

2.2273 

0.52697 

Bv 

55 

1.2 

0.2 

4 

500Ax  18 

1.3561 

0.20523 

Bs 

57 

0.3 

0.21 

3 

500A  x  20 

0.4085 

0.21994 

wigg 

55 

0.75 

0.77 

192 

944.4A  x  36 

0.6939 

0.77056 

HER  /  Bare 

35 

5.804 

0.3 

117 

840A  x  10 

5.9006 

0.29974 

Bw 

35 

2.8 

0.048 

6 

10A  x  150 

BsFL 

35 

1.14 

0.214 

1 

500A  x  12 

1.2393 

0.21473 

BsFR 

57 

0.76 

0.339 

1 

500A  x  32 

0.8935 

0.35205 
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system  errors.  The  typical  measurement  results  of  LER 
Bare,  HER  B^c  and  LER  Bjc  are  shown  in  Fig.l,  2  and  3 
respectively.  The  BL’s  of  the  LER  Bare's  were  adjusted  by 
the  end  shim  considering  the  fabrication  error  of  the  core 
length  which  was  thought  to  be  worse  than  the  longer 
dipoles  due  to  its  short  length.  The  result  is  shown  in 
Fig.  1  lower  left.  The  measurement  accuracy  of  relative 
BL  is  about  a  few  xlO'^  as  shown  in  Fig.  1  lower  right. 
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Figure  1  :  The  normalized  integrated  field  histogram  and 
an  example  of  its  transverse  distribution  for  LER  Bare- 
The  BL’s  after  end  shim  correction  and  the  reproducibility 
of  the  LER  flip  coil  system  are  also  shown  below. 
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Figure  2  :  The  normalized  integrated  field  histogram  and 
an  example  of  its  transverse  distribution  for  HER  Bare 
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Figure  3  :  The  normalized  integrated  field  histogram  and 
an  example  of  its  transverse  distribution  for  LER  Bic 


The  LER  wigglers  have  alternate  magnetic  field  in  then- 
front  and  back  poles.  They  were  measured  by  the  rotating 
coil  mounted  in  aluminum  cylinder  having  one  long  coil 
and  two  half  coils.  The  residual  integrated  field  A[BL] 
was  measured  by  the  long  coil  and  the  BL  for  each  pole 
was  obtained  by  each  half  coil.  The  induced  voltage  of  the 
probe  was  measured  by  using  a  spectrum  signal  analyzer 
HP3562A.  The  results  are  shown  in  Fig.  4.  The  little 
non-zero  offset  of  A[BL]  is  thought  to  be  due  to  the 
configuration  of  the  current  leads. 


Figure  4  :  The  A[BL]  and  IBIL  histograms  of  the  wigglers 
at  I  =  950  A 

All  the  dipoles  except  Bw  have  correction  coils.  Once  the 
correction  coil  is  excited,  the  magnet  changes  the  field 
from  its  initial  value  even  if  the  correction  current  is  set 
to  be  OA  again.  These  hysteresis  effects  were  measured  on 
the  every  dipoles  and  some  results  are  shown  in  Fig.  5. 
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Figure  5  :  The  hysteresis  caused  by  the  correction  coil 
excitation  for  LER  Bgrc  and  LER  Bjc  at  I  =  1100A  and 
1000A  respectively.  The  dB  is  defined  as  dB[Ic]=  B[Ic]  - 
k*Ic  -B[Ic=0A],  where  Ic  is  the  correction  current  and  k  is 
a  linear  fit  coefficient  of  B[Ic]  as  a  function  of  Ic.  The 
white  circles  show  dB’s  in  the  first  ±10A  loop,  the 
asterisks  and  the  black  circles  are  in  the  second  and  the 
third  loops  respectively. 


2.2  Field  Mapping  and  Absolute  Value 


The  field  mappings  have  been  performed  by  using  a  flip- 
flop  mapping  coil,  which  consists  of  twin  small  coils 
apart  from  10mm  each  other.  Each  coil  has  2090  turns 
windings  with  8  mm  in  diameter  and  12  mm  height. 
Dipole  field  was  measured  by  using  one  coil.  On  the 
other  hand,  quadrupole  field  was  obtained  by  measuring 
the  difference  of  the  induced  voltages  of  two  coils  (twin 
mode).  Each  coil  gain  was  calibrated  in  the  dipole  field 
which  absolute  strength  was  determined  by  NMR.  The 
distance  between  each  coil  was  determined  by  searching 
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zero-cross  of  the  induced  voltage  of  each  coil  in  quadrupole 
field.  The  field  mappings  were  carried  out  at  several 
currents  for  each  type  of  dipole  and  wiggler.  The  effective 
lengths  were  determined  by  these  field  mappings.  Hie 
absolute  field  strength  of  each  type  of  dipole  was  measured 
at  its  center  by  NMR.  The  effective  length  of  each  type 
quadrupole  was  measured  by  the  twin  mode  field  mapping. 
The  absolute  field  gradient  of  the  quadrupoles  were 
calculated  from  the  gain  and  the  distance  of  the  twin  coils. 
Some  results  of  the  field  distributions  along  the  beam 
direction  are  shown  in  Fig.  6,  7,  9  and  10.  The  effective 
lengths  are  shown  as  functions  of  the  currents  for  LER 
Ban;  and  LER  Bic  in  Fig.  8.  This  flip-flop  mapping 
coil  were  also  used  to  measure  the  magnetic  couplings 
between  adjacent  quadrupole  and  corrector.  The  quadrupole 
mapping  results  [4]  and  the  coupling  effects  [5]  are 
mentioned  in  the  other  contributions  of  this  conference. 


Figure  6  :  The  normalized  magnetic  field  along  the  beam 
direction  b[z]  for  LER  Bare- 


1(A)  1(A) 

Figure  8  :  The  effective  lengths  as  a  function  of  current 
for  LER  Baj-c  and  LER  Bic. 


z(mm)  z(mm) 

Figure  9  :  The  b[z]  for  HER  BarC. 


Figure  10  :  The  b[z]  at  I  =  944A  (left)  and  the  remanent 
field  along  the  beam  direction  (right)  for  LER  Wiggler.  In 
the  right  figure,  the  white  circle  shows  the  remanent  field 
after  +944A  excitation  and  the  asterisk  shows  the 
remanent  after  -944A  excitation.  The  negative  offset  is 
thought  to  be  due  to  the  terrestrial  magnetic  effect. 

3  SUMMARY 

The  series  measurements  and  the  field  mappings  of  the 
KEKB  magnet  system  were  completed.  The  performances 
of  the  magnets  are  almost  acceptable.  The  measured 
parameters  such  as  the  BL,  B’L,  effective  lengths  and 
magnetic  coupling  effects  are  utilized  in  the  operation  of 
the  KEKB.  Further  measurements  of  environmental 
effects  (air  temperature,  cooling  water  flow  and  its 
temperature,  etc.)  on  magnetic  field  are  under  way. 
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Abstract 

Measurement  of  magnetic  field  of  the  lattice 
bending  magnet  is  important  to  control  the  beam  orbit, 
tune  control  and  the  timing  of  the  fixed  magnetic  field. 
Hole  probe  and  search  coil  are  used  conventionally  and 
NMR  has  been  considered  to  know  the  only  DC 
magnetic  field.  Authors  have  developed  the  technique 
for  the  magnetic  field  monitor  of  the  pulsed  magnet 
such  as  the  main  ring  magnet  of  the  12GeV  KEK-PS. 
During  the  injection  (550  ms)  and  flat  top  (1-2  s) 
periods,  magnetic  field  is  measured  by  NMR  probes 
with  the  frequency  scanning.  If  we  want  the  timing 
pulse  at  any  magnetic  field  during  acceleration,  NMR 
probe  can  measure  it  with  a  fixed  frequency  mode.  It 
depends  on  the  principle  of  the  NMR,  which  occur  the 
nuclear  magnetic  resonance  in  the  relation  between  the 
quantum  axis  magnetic  field  and  the  frequency  of  the 
rotational  magnetic  field  in  the  perpendicular  plane. 
The  performance  of  the  technique  for  the  magnetic  field 
monitor  by  NMR  and  some  unique  results  of  the 
magnetic  field  in  the  lattice  bending  magnet  will  be 
presented. 


1  INTRODUCTION 

Magnetic-field  measurement  by  nuclear  magnetic 
resonance  (NMR)  has  been  very  well  described.  This 
is  known  as  the  Larmor  frequency,  is  directly 
proportional  to  the  magnetic  field,  H,  and  it’s  angular 
velocity  is  given  by 

ro0  =  yH, 

where  y  is  the  gyromagnetic  ratio.  The  field  is 
measured  by  exciting  the  resonance  with  an  rf  oscillator 
and  measuring  the  frequency  at  which  energy  is  either 
absorbed  by  the  sample  (resonance  absorption). 

1)  As  a  case  of  the  low  frequency  trapezoidal  pulse 
magnetic  field,  such  as  a  hadron  synchrotron,  NMR 
method  can  be  applied  during  a  beam  injection  and  a 
flat  top  period. 

2)  NMR  occurs  when  an  oscillating  field  equal  to  the 
frequency  of  the  Larmor  frequency.  Then,  even  if 
during  accelerating  period,  when  the  bending  field 
become  to  the  fixed  rf  frequency  NMR  will  occur. 
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Figure  1  :  Block  diagram  of  the  NMR  measurement  system. 
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Resonance  absorption  sample  is  a  solid  proton,  then 
the  resonance  frequency  is  42.567  MHz/T. 

Specification  of  this  system  is  as  follows  [1]; 

•  Measurement  Field  Range:  0.14  T  -  1.7  T 

•  Resolution:  2  x  10'5 

•  Sample:  Solid  Proton 

•  Frequency  Stability:  1  x  10'5/min. 

•  SCOPE- Y:  IV  (p-p) 

•  SCOPE-X:  5V  (p-p) 

•  Dimension  of  Probe:  15  x  20  x  30  min. 

•  Uniformity:  1  x  lO^/cc 


Figure  2  :  Conception  of  the  NMR  measurement 
system. 

2  CONCEPTION  OF  THE 
MEASUREMENT  SYSTEM 

2.1  Measurement  of  the  Injection  and  the 
Flat  Top  Period 

Figure  1  shows  a  block  diagram  of  the  NMR 
measurement  system.  The  resonance  frequency  is 
divided  two  at  a  fixed  magnetic  field  of  an  injection 
and  a  flat  top  period.  Then,  two  absorption  samples 
(A  and  B  in  Figure  1)  are  set  in  the  magnet  gap. 
According  to  the  strength  of  the  magnetic  field,  the 
frequency  which  can  be  obtained  the  NMR  absorption 
signal  should  be  set.  The  magnetic  field  can  be 
measured  with  a  range  of  ±  5G  around  the  set  frequency. 
Frequency  is  scanning  by  the  time  of  10  ms  and 
following  10ms  is  the  initializing  time,  then  the 
measurement  can  be  done  in  every  20  ms.  Out-put 
signal  level  is  IGA'',  that  is  full  scale  is  10  V.  Two 
resonance  absorption  samples  were  set  for  the  injection 
field  and  the  flat  top  field,  respectively.  For  the  flat 
top  measurement,  the  scanning  frequency  is  provided  to 
four  range,  a  :  0.11  -  0.25  T,  b  :  0.25  -  0.5  T,  c  :  0.5  -  1.06 
T  and  d  :  1.06  -  1.8  T,  to  meet  the  variable  flat  top 
energy. 

Conception  of  the  measurement  principle  is  shown 
in  Figure  2. 


2.2  Measurement  of  the  Gradient  Field  (in 
Time) 

Slow  rise  time  magnetic  field  such  as  a  synchrotron 
magnet  can  be  measured  by  NMR.  As  more  detail, 
one  can  recognize  when  the  magnetic  field  comes  to 
the  value  of  resonance  absorption  at  a  fixed  frequency 
oscillation  field.  This  phenomena  likes  that  which  is 
well  known  as  the  spin  depolarizing  resonance  during 
acceleration  [2].  As  a  case  of  KEK  12  GeV-PS,  the 
main  bending  magnetic  field  rises  about  2T/s.  We  can 
know  the  time  from  an  acceleration  start  to  when  NMR 
occurs.  Range  of  the  magnetic  field  is  too  wide,  0.14 
T  -  1.7  T  for  this  case,  to  measure  by  one  absorption 
sample,  then  four  samples  cover  each  four  ranges,  A: 
0.15  -  0.25  T,  B:  0.25  -  0.5  T,  C:  0.5  -  0.98  T  and  D:  0.98 
-  1 .7  T.  Figure  3  shows  a  measurement  results  of  the 
12  GeV  operation.  Horizontal  axis  is  a  time  from 
acceleration  start  and  vertical  axis  is  the  magnetic 
field.  Fig.  4  shows  a  time  fluctuation  for  ten  minuets 
at  a  set  of  RF  frequency  for  1  tesla.  Fluctuation  is 
about  400  ps  full  width.  It  is  considered  that  this 
fluctuation  caused  from  the  line  fluctuation  of  the  main 
ring  power  supply. 
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Figure  3  :  Magnetic  field  measurement  using  NMR 
during  acceleration. 

3  CONCLUSION 

At  this  present,  several  tools  are  set  of  measure  the 
main  bending  magnetic  field  in  the  gap,  a  hall  prove  to 
measure  the  injection  field  and  the  gauss  meter  to 
monitor  the  magnetic  pattem[3]  and  the  NMR 
measuring  system  described  above.  As  a  result  of 
using  the  NMR  measuring  system,  we  become  to  know 
the  new  information,  that  is,  the  dynamic  phenomena 
of  the  magnetic  field  such  as  time  delay  of  magnetizing 
depends  on  the  time-length  of  the  flat  top  and/or  the 
current  of  the  flat  top.  For  example,  a  delay  of  the 
magnetic  field  at  the  beginning  of  the  flat  top  field  is 
shown  in  Figure  5.  From  the  fitting  functions,  there 
are  two  component  of  the  time  constant,  70  ms  and  660 
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ms.  When  the  magnetic  field  of  the  flat  top  is  low,  there  5  REFERENCES 


is  one  time  constant  of  70  ms.  This  phenomena  is  still 
in  investigation,  but  it  is  considered  the  magnetic 
viscosity.  As  a  measurement  of  the  time  from  an 
acceleration  start  to  the  fixed  magnetic  field,  this  can 
be  applied  to  the  timing  pulse  in  stead  of  the 
conventional  gauss  clock  when  we  need  the  timing 
during  acceleration,  such  as  a  transition  crossing. 
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Figure  4  :  Fluctuation  of  the  time  from  acceleration 
start  to  1  tesla  for  about  ten  minutes. 


FlWTefi  Start 

Figure  5  :  Example  of  the  time  delay  of  the  magnetization.  Flat  top  start  means  the  end  of  acceleration, 
2T/sec,  and  the  field  comes  to  constant  of  1.77  T. 

A  :  NMR  measurement.  B  :  Fitting  function,  f  =  17742.4  -  7  x  c'mm  -  5.5  x  e  t/066 
C  :  Backleg  winding  measurement  to  check  the  systematic  error. 
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Abstract 

Prototypes  of  the  dipole  and  the  fast  steering  magnet  for 
the  VSX  project  have  been  fabricated  and  measured.  The 
field  mapping  and  the  end-shim  correction  were  carried  out 
for  the  dipole,  and  the  frequency  response  was  tested  up  to 
2  kHz  for  the  fast  steering.  The  design  of  the  magnets  and 
measured  results  are  presented. 

1  INTRODUCTION 

The  University  of  Tokyo  has  been  promoting  a  project  to 
construct  a  VUV  and  Soft  X-ray  (SX)  synchrotron 
radiation  facility  in  a  new  campus  of  the  university, 
Kashiwa  campus.  The  project,  which  is  called  “VSX 
project”,  is  composed  of  two  phases.  The  first  is  to 
construct  a  1.0  GeV  racetrack  ring  which  has  an  emittance 
of  0.7  nm-rad,  a  circumference  of  about  230  m  and  two  30 
m  long  straight  sections  for  insertion  devices  [1],  It  can 
reach  an  emittance  of  diffraction  limit  and  can  provide 
extremely  high-brilliance  radiation  more  than  1020 
[photons/sec/mm2/mrad2/0.1%b.w.]  in  the  region  between 
100  eV  and  1  keV.  The  second  is  to  construct  a  2.0  GeV 
ring,  which  has  a  circumference  of  388  m,  an  emittance  of 
5  nm-rad  and  16  long  straight  sections  [2].  High-brilliance 
synchrotron  radiation  over  a  wide  range  from  VUV  and  SX 
can  be  generated  by  various  kinds  of  insertion  devices. 

We  have  been  carrying  out  the  design  study  and  R&D’s 
of  the  magnet  system  for  both  the  1.0  GeV  and  2.0  GeV 
rings.  Detailed  design  of  main  and  corrector  magnets  for 
these  rings  has  been  almost  completed.  For  the  1.0  GeV 
ring,  prototypes  of  the  dipole,  quadrupole  and  fast  steering 
are  being  fabricated  now.  The  quadrupole  will  be  delivered 
to  ISSP  in  this  May  and  the  dipole  and  steering  in 
October.  For  the  2.0  GeV  ring,  the  dipole,  quadrupole, 
sextupole  and  fast  steering  prototypes  have  been  already 
fabricated  by  Mitsubishi  Electric  Corporation,  and  their 
field  measurements  are  well  under  way  at  ISSP.  Some 
results  of  the  dipole,  quadrupole  and  sextupole 
measurement  have  been  reported  in  elsewhere  [3,4]. 

In  this  paper,  we  present  recent  progress  of  the 
magnetic  measurement  of  the  dipole  and  the  fast  steering 
prototypes  for  the  2.0  GeV  ring.  The  measurement  is 
being  carried  out  using  a  computer-controlled  3D  mapping 


system  with  a  Hall  probe  unit  (SERIES-9900  gaussmeter, 
F.  W.  BELL).  For  the  dipole  measurement,  an  NMR 
system  (PT2025,  METROLAB)  is  also  used  to  obtain  the 
absolute  field  strength  and  to  calibrate  the  Hall  probe  unit. 

2  DIPOLE  MAGNET 

Figure  1  shows  the  end  view  of  the  dipole  prototype.  The 
magnet  core  has  C-type  rectangular  configuration  and  is 
made  of  forged  low-carbon  solid-steel.  The  shape  of  pole 
profile  has  been  optimized  using  the  2D  program  LINDA 
to  obtain  a  field  uniformity  better  than  5  xlO4  over  a 
horizontal  region  of  ±40  mm.  The  main  parameters  of  the 
dipole  are  listed  in  Table  1 . 


Figure  1:  End  view  of  the  dipole  prototype 

Figure  2  shows  the  measured  longitudinal  field 
distribution  along  the  design  orbit.  The  excited  field 
strength  at  the  center  of  the  magnet  is  1.006  T.  The 
effective  length,  defined  as  the  field  integral  along  the 
design  orbit  divided  by  the  field  at  the  magnet  center,  was 
calculated  to  be  1364.0  mm. 


1  *  Email:  koseki@issp.u-tokyo.ac.jp 
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Table  1:  The  parameters  of  the  dipole  prototype 


Bending  angle 

11.25° 

Bending  radius 

6.626  m 

Gap  height 

50  mm 

Core  length 

1.299  m 

Maximum  field  strength 

1.26  T 

Turns  /  pole 

30 

Maximum  current 

960  A 

Conductor  size 

16xl5-<J)9  mm 

Resistance 

21  mfl 

Water  flow 

37.8  1/min 

Figure  2:  Longitudinal  field  distribution  along  the  design 
orbit 


x  [cm] 

Figure  3:  Integrated  field  profile 

Near  the  magnet  end,  the  sextupole  component  becomes 
relatively  larger  and  it  makes  worse  the  horizontal  field 
uniformity.  In  order  to  reduce  the  sextupole  component, 
the  end  correction  was  carried  out  by  shimming  the 
magnet  pole  ends  The  pieces  of  the  end-shim  are  pure- 
iron  plates  of  25  mm  x  139  mm,  and  2  mm  or  5  mm 
thick.  Figure  3  shows  the  integrated  field  uniformity  for 
various  thickness  of  end-shimming.  Each  integrated  field 


is  calculatedfrom  mapping  data  along  the  longitudinal  (z- 
axis)  direction  between  z  =  450  mm  and  z  =  700  mm  (z  = 
650  mm  is  the  position  of  the  magnet  end).  This  figure 
implies  the  most  proper  thickness  is  about  6  mm,  by 
which  the  integrated  field  uniformity  better  than  5x1  O'4  is 
obtained. 

3  FAST  STEERING  MAGNET 

The  prototype  of  fast  steering  magnet  is  shown  in  Fig.  4. 
The  steering  has  an  aperture  of  151  mm  (width)  x  46  mm 
(height)  and  provides  both  horizontal  and  vertical  fields. 
The  magnet  core  is  composed  of  four  glued  stacks  of  0.5 
mm-thick  silicon-steel  lamination.  The  main  parameters 
of  the  fast  steering  are  listed  in  Table  2. 


Figure  4:  Fast  steering  prototype 


Table  2:  The  parameters  of  the  fast  steering  magnet 


Deflection  angle 

(Vertical 

steering) 

0.09  mrad 

(Horizontal 

steering) 

0.1  mrad 

Magnet  gap 

180  mm 

64  mm 

Turns  /  coil 

140 

120 

Maximum  current 

5  A 

5  A 

Coil  resistance 

0.25  mlQ 

0.24  mf2 

Coil  inductance 

7mH 

8mH 

Frequency  range 

DC  -  100  Hz 

DC  ~  100  Hz 

The  fast  steering  is  expected  to  operate  in  a  frequency 
range  up  to  100  Hz.  We  measured  the  frequency  response 
of  the  steering  using  a  dynamic  signal  analyzer 
(HP35670A).  A  swept  sine  signal  from  the  analyzer  was 
fed  into  a  bipolar  AC  power  supply  (IPM-BP  series, 
IDX).  The  frequencyresponse  of  the  output  current  of  the 
power  supply  or  the  signal  of  the  Hall  probe  was 
measured. 

Figures  5  and  6  show  the  Bode  diagram  of  the 
horizontal  and  vertical  steerings,  respectively.  The  data 
were  measured  with  the  output  signal  of  the  Hall  probe 
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put  on  the  position  of  steering  center.  The  output  current 
of  the  power  supply  was  set  to  be  800  mA  peak-to-peak, 
that  is  a  maximum  current  required  for  the  fast  orbit 
feedback  system.  Aim  long  vacuum  chamber  made  of 
aluminum  was  inserted  into  the  aperture  of  the  steering 
magnet  to  examine  the  effect  of  eddy  current  induced  on 
the  chamber.  The  chamber  has  the  same  cross  section  as 
the  beam  duct  of  straight  section  of  the  VSX  2.0  GeV 
ring  [5].  As  shown  in  these  figures,  the  steering  magnet 
itself  has  a  good  frequency  response  up  to  1  kHz  for  both 
the  horizontal  and  vertical  directions.  Field  attenuation  due 
to  the  effect  of  eddy  cunrent  on  the  vacuum  chamber  is  not 
very  serious  in  the  frequency  range  up  to  100  Hz. 


on.  The  driving  current  was  800  mA  peak-to-peak.  The 
data  without  horizontal  steering  is  also  shown  in  this 
figure.  There  is  no  significant  difference  between  them.  It 
indicates  that  the  magnetic  field  is  given  by  a  linear 
combination  of  the  horizontal  and  vertical  steering  fields. 
In  fact,  even  when  both  the  steerings  are  switched  on,  the 
frequency  response  measured  with  the  Hall  probe  well 
agrees  with  the  data  in  Figs.  5  and  6.  It  means  that 
independent  feedback  operation  in  the  horizontal  and 
vertical  directions  is  possible  using  these  steering 
magnets. 


Figure  7:  Frequency  response  of  the  output  current 
monitor  of  the  vertical  steering 


Figure  5:  Frequency  response  of  the  horizontal  steering 
field 


Frequency  [Hz] 
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Figure  6:  Frequency  response  of  the  vertical  steering  field 

In  the  measurement  of  Figs.  5  and  6,  the  data  of  the 
vertical  steering  was  taken  when  the  horizontal  excitation 
switched  off  and  vice  versa.  If  both  the  steerings  are 
excited  in  the  same  time,  that  is  the  actual  situation  of 
feedback  operation,  the  interference  between  the  two 
steerings  may  occur  due  to  mutual  inductance  of  the  coils. 
Thus  the  ffequencyresponse  should  be  measured  with  both 
of  them  are  switchedon.  Two  AC  bipolar  power  supplies 
were  used  in  the  measurement  and  driven  by  the  identical 
signal  from  the  signal  analyzer.  Figure  7  shows  the 
measuredBodediagram  of  the  power  supply  output  current 
for  vertical  steering  when  the  horizontal  steering  switched 
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Abstract 

Field  measurement  results  of  the  air  slot  type  dipole 
magnet  are  presented.  The  vacant  portion,  called  the  air 
slot,  located  in  the  iron  core  controls  the  flow  of  the 
magnetic  flux  and  improves  uniformity  of  the  magnetic 
field.  This  magnet  realizes  a  better  magnetic  field 
distribution  over  a  wide  range  of  field  strengths.  The 
prototype  of  the  magnet  had  been  fabricated  and  tested  to 
verify  the  design  principle.  The  results  of  measurements 
by  the  Hall-probe  showed  good  agreement  with  the 
numerical  calculations  for  magnetic  field  strengths 
ranging  from  0.27T  to  1 .83T.  The  field  uniformity  A  B/B 
was  below  0.04%  in  the  good  field  region. 

1  INTRODUCTION 

We  have  proposed  a  new  design  concept  for  bending 
magnets  which  can  improve  magnetic  field  distribution[l]. 
The  design  concept  is  based  on  control  of  the  flow  of  the 
magnetic  flux  in  the  magnet  pole  by  introducing  vacant 
portions  into  the  magnet  iron  core.  This  new  concept  was 
proposed  originally  to  develop  a  combined  function 
bending  magnet[2].  Effectiveness  had  been  confirmed  by 
numerical  study[3]  and  the  results  of  further  study  will  be 
presented[4]. 

In  the  conventional  dipole  bending  magnet,  application 
of  shims  to  the  magnet  pole  face  has  been  considered  an 
effective  way  of  improving  magnetic  field  uniformity. 
However,  the  shape  of  the  shims  for  very  high  fields 
often  had  a  bad  influence  on  the  field  distribution  at  low 
magnetic  field,  and  their  shape  for  low  field  is  not 
suitable  for  high  magnetic  field.  In  order  to  obtain  a  good 
field  distribution  over  a  wide  range  of  magnetic  field 
strengths,  it  is  necessary  to  overcome  this  problem. 
Therefore,  we  applied  the  present  design  concept  to 
dipole  bending  magnets  and  confirmed  by  numerical 
study  that  the  vacant  portion  in  the  iron  core  can  improve 
the  magnetic  field  distribution  at  various  excitation  levels. 
Additionally,  the  air  slot  type  pole  width  can  be  narrower 
than  that  of  the  conventional  type  and  the  yoke  size  and 
weight  of  the  magnet  can  be  smaller.  Because  of  these 
advantages,  the  air  slot  type  magnet  is  widely  applicable 
as  a  synchrotron  magnet  and  for  beam  transport,  rotating 
gantry,  and  so  on. 
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The  dipole  magnet  for  a  compact  proton 
synchrotron[5],  which  has  two  air  slots  in  its  magnet  pole, 
has  been  investigated  by  two-  and  three-  dimensional 
numerical  calculations!  1],  In  order  to  verify  this  new 
design  principle,  that  is  the  effect  of  the  air  slots,  the 
prototype  of  this  magnet  was  constructed  and  magnetic 
field  measurements  were  made  with  the  Hall-probe  for 
magnetic  field  strengths  from  0.27T  to  1.82T.  The 
measurement  results  showed  that  the  air  slots  had  their 
designed  effect. 

2  DESIGN  OF  THE  MAGNET 

2.1  Design  Principle 

The  scheme  for  improving  the  magnetic  field  distribution 
by  introducing  air  slots  in  the  magnet  pole  is  outlined 
below.  The  magnetic  susceptibility  of  the  air  slots  is 
much  lower  than  that  of  the  iron  core.  At  high  magnetic 
field,  the  perimeter  of  the  iron  pole  saturates  earlier  than 
the  central  area  as  excitation  goes  up.  On  the  other  hand, 
introducing  air  slots  in  the  central  area  leads  to  an 
increase  of  the  magnetic  flux  density  in  the  iron  region 
around  the  air  slots.  If  the  position  and  shape  of  the  air 
slots  are  adjusted  to  equalize  the  magnetic  flux  density  in 
the  whole  pole  iron  at  high  field,  the  magnetic  field 
distribution  can  be  flattened.  At  low  magnetic  field  where 
the  magnetic  flux  does  not  saturate,  the  effect  of  air  slots 
is  very  small  and  the  magnetic  field  distribution  is 
controlled  only  by  the  shape  of  the  pole  surface.  This  new 
concept  is  useful  for  improving  the  dynamic  range  of  the 
magnetic  field  and  extending  the  good  field  region  size,  if 
both  slotting  and  shimming  would  be  used  together. 

2.2  Design  Requirements 

We  designed  the  air  slot  type  bending  magnet  for  a 
compact  proton  synchrotron[5].  In  this  synchrotron,  the 
beam  can  be  accelerated  from  7MeV  up  to  270MeV  at  a 
repetition  cycle  of  0.5Hz  for  proton  radiography  as  well 
as  cancer  treatment.  The  magnet  yoke  is  made  of  stamped 
laminated  steel  of  0.5mm  thickness  to  reduce  the  eddy 
current  effect.  The  mean  radius  and  the  circumference  of 
the  synchrotron  are  about  3.5m  and  23m,  respectively,  so 
the  curvature  radius  of  the  bending  magnet  is  1.4m.  In 
order  to  shorten  the  straight  section  for  the  extraction 
deflector,  the  deflection  by  the  22  defocusing  edge  angle 
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of  the  bending  magnet  is  needed.  The  minimum  magnetic 
field  strength  is  0.273T  for  beam  injection  and  the 
maximum  is  1.808T  for  extraction.  The  good  field  region 
is  determined  based  on  our  analysis  of  the  beam  size  in 
the  synchrotron.  The  specifications  of  the  magnet  are 
listed  in  Table  1. 

Table  1:  Specifications  of  the  dipole  magnet 


Minimum  Magnetic  Field  (T) 

0.273 

Maximum  Magnetic  Field  (T) 

1.808 

Curvature  Radius  (m) 

1.4 

Bending  Angle  (degree) 

60 

Field  Length  (m) 

1.466 

Edge  Angle  (degree) 

22 

Gap  Height  (mm) 

56 

Good  Field  Region  (mm) 

±50 

Required  Magnetic  Field  Uniformity  (%) 

0.04 

2.2  Calculation  Results 

Based  on  these  specifications,  the  magnet  shape  is 
determined  using  the  computer  code  PANDIRA.  The  air 
slot  type  magnet  design  is  shown  in  Fig.  1.  The  pole 
width  is  300mm  and  quarter  circles  are  used  to  prevent 
the  local  edge  effect  at  both  ends  of  the  pole.  This  pole 
width  can  be  narrower  than  that  of  the  shimmed  type 
magnet[l]  due  to  the  effect  of  the  air  slot.  Air  slots  have 
an  oval  shape  with  70mm  length  and  10mm  width.  Figure 
2  shows  two-dimensional  magnetic  field  distribution.  The 
horizontal  and  vertical  axes  show,  the  radial  distance 
from  the  design  orbit  and  the  deviation  of  the  magnetic 
field  strength  from  the  value  on  the  design  orbit  (r=0), 
respectively.  The  packing  factor  is  assumed  to  be  0.98. 


Figure  1:  Cross-sectional  view  of  the  air  slot  type  magnet 


As  shown  in  Fig.  2,  the  good  field  region  is  wider  than 
±60mm,  and  the  magnetic  field  distribution  does  not 
change  very  much  from  0.27T  to  1.8  IT.  The  position, 
length  and  width  of  the  air  slot  are  adjusted  to  flatten  the 
magnetic  field  distribution  at  various  field  strengths. 

In  order  to  decide  the  magnet  end  shape  and  estimate 
the  effective  edge  angle  and  multipole  components  of  the 
magnetic  field,  three-dimensional  field  calculations  were 


performed  using  the  computer  code  TOSCA.  Both  ends 
of  the  magnet  are  designed  to  approximate  Rogowski's 
curve  to  avoid  the  saturation  at  the  sharp  edge  of  iron 
core  by  4  step  cuts  in  a  60mm  long  region  along  the  orbit. 


r[mm] 

Figure  2:  Two-dimensional  magnetic  field  distributions  of 
the  air  slot  type  magnet 

3  FIELD  MEASUREMENT  AND 
ANALYSIS 

Figure  3  shows  the  prototype  dipole  magnet  which  was 
fabricated  to  verify  the  design  as  mentioned  above.  The 
magnetic  field  measurements  were  made  using  the  Hall- 
probe  mounted  on  the  arm  of  a  computer-controlled 
positioning  x-y-z  table.  The  absolute  calibration  of  the 
system  was  established  by  comparison  with  NMR  probe 
measurements.  The  interval  of  the  mesh  point  for  the 
midplane  measurements  was  less  than  or  equal  to  10mm 
inside  the  gap  and  500mm  outside  it  in  beam  direction. 
Analyses  of  measurement  results  at  various  excitations 
were  performed  in  the  same  way  as  for  the  calculation 
results. 


Figure  3:  The  prototype  dipole  magnet 


Results  of  the  excitation  are  compared  with  the  results 
calculated  by  PANDIRA  in  Fig.  4.  The  vertical  axis 
shows  the  magnetic  field  strength  at  the  center  of  the 
magnet.  The  excitation  current  measured  at  1.83T  is  10% 
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larger  than  that  of  the  linear  case  because  of  saturation  of 
the  iron  core. 


0  10000  20000  30000  40000  50000 

Excitation  Current  [A/p  ole] 


Figure  4:  Magnetic  field  strength  as  a  function  of 
excitation  current 

Figure  5  shows  the  measured  uniformity  of  the 
magnetic  field  at  various  excitations.  Deviations  of  the 
field  strength  are  less  than  0.04%  in  the  good  field  region 
at  all  excitation  levels.  Comparing  results  of  the 
calculation  (Fig.  2)  and  measurements  (Fig.  5)  shows 
some  deviations,  about  0.01%  order,  which  can  be 
expected  from  uncertainties  in  the  manufacturing  process. 
These  results  show  that  the  effect  of  the  air  slots  performs 
as  designed. 


r[mm] 

Figure  5:  Measured  uniformity  of  magnetic  field  strength 


To  estimate  the  effect  of  the  non-linear  components, 
the  field  strength  as  a  function  of  distance  in  the  radial 
direction  is  fitted  by  a  Taylor  expansion  and  the 
components  are  integrated  along  the  beam  reference  orbit. 
The  sextupole  component  normalized  by  magnetic 
rigidity  is  -0.03  m'2  at  injection  and  over  -0.2  m'2  at  field 


strength  1.83T  because  of  the  saturation  effect  at  magnet 
end.  These  values  can  be  expected  based  on  three- 
dimensional  calculations.  We  confirmed  by  particle 
tracking  calculations  that  the  operation  of  the  synchrotron 
from  injection  to  extraction  can  be  done  on  the 
assumption  that  the  multipole  components  mentioned 
above  are  included  in  the  magnetic  field  at  fringing 
region. 

4  CONCLUSION 

We  carried  out  magnetic  field  measurements  of  the  air 
slot  type  magnet  to  verify  our  design  principle.  The  air 
slots  in  the  magnet  pole  improve  the  magnetic  field 
distribution  by  controlling  the  flow  of  magnetic  flux. 
Using  the  air  slot  type  design,  we  can  obtain  the  magnet 
which  has  a  good  field  distribution  at  several  excitation 
levels.  The  size  and  weight  can  be  reduced  because  of  the 
narrower  pole  width  achieved  by  the  effect  of  the  air  slots. 
Because  of  these  advantages,  this  magnet  design  can  be 
applied  widely  to  synchrotron,  beam  transport,  rotating 
gantry,  and  so  on. 

The  prototype  of  the  magnet  was  constructed  for  the 
main  dipole  of  a  compact  proton  synchrotron. 
Measurements  using  the  Hall-probe  were  consistent  with 
two-  and  three-  dimensional  calculation  results.  The 
results  verified  that  the  design  principle  which  we 
proposed  was  valid  and  the  air  slots  in  the  iron  core 
performed  as  desired.  Detailed  analysis  of  the 
measurement  results  showed  that  the  model  magnet  will 
achieve  the  specifications  of  the  compact  synchrotron  we 
designed. 
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Abstract 

Two  Panofsky  quadrupoles  with  rectangular  aperture  and 
fast  rise  time  are  proposed  for  the  injection  area  in  the 
University  of  Maryland  electron  ring  project  (UMER) 
[1,2,3].  The  theoretical  current  distribution  needed  on 
the  surface  of  a  rectangular  aperture  to  produce  a 
quadrupole  field  is  derived  [4].  The  conductor  location  is 
determined  mostly  by  the  theoretical  current  distribution, 
with  some  free  factors  to  optimise  the  field.  The  design 
is  based  on  the  linearity  of  longitudinal  integrated  field. 
Each  quadrant  of  the  Panofsky  quadrupole  consists  of  10 
loops  of  conductors  to  minimize  inductance  while 
retaining  the  field  quality.  A  2:1  scaled  model  has  been 
made  and  the  magnetic  field  was  measured.  Two  1:1 
models  have  been  made  to  measure  inductance,  mutual 
inductance  and  the  rise  time.  Simulations  of  beam 
propagation  with  Panofsky  quadrupoles  demonstrated  the 
linearity  of  the  design.. 

1  INTRODUCTION 

An  electron  ring,  UMER,  is  under  development  at  the 
University  of  Maryland  for  the  purpose  of  studying  space 
charge  dominated  beams  in  a  circular  FODO  lattice 
[1,2].  Two  pulsed  Panofsky  quadrupoles  shown  in  Figure 
1  with  rectangular  aperture  and  fast  rise  time  are 
proposed  in  the  injection  area  [3].  Q1  is  centered  on  the 
ring,  replacing  one  of  the  regular  ring  quadrupoles.  It 
must  be  turned  on  after  the  injection  beam  passes  by.  Q2 
is  centered  on  the  injection  line  and  is  on  only  during 
injection.  The  dimensions  of  Q1  and  Q2  are  slightly 
different  so  that  they  can  be  overlapped  physically. 

In  the  design,  due  to  the  small  aspect  ratio,  the  integral 
of  the  field  along  the  z-direction,  rather  than  the  field 
itself  is  used.  The  magnetic  field  is  calculated  with  a 
computer  code  MAG-PC  from  certain  conductor 
locations.  The  goal  of  our  design  is: 

•  To  have  good  enough  field  linearity.  Inside  0.7R 
(R  is  the  pipe  radius),  the  linearity  should  be  better 
than  1%.  The  integral  gradient  is  28  Gauss. 

•  To  have  fast  enough  time  constant.  The  field 
construction  time  should  be  less  than  100- 150ns 
for  50  ns  bunch.  Small  inductance  is  preferred. 
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•  To  have  as  small  as  possible  voltage  and  power 
requirement  to  the  pulse  generator. 


2  DESIGN 

The  conductors  are  located  on  the  four  surfaces  of  a 
rectangular  box.  At  first  two  designs,  a  parallel  structure 
and  a  loop  structure,  were  explored.  In  the  parallel 
structure  design,  the  active  conductors  with  same  length 
are  all  parallel  with  the  z-axis.  In  the  loop  structure 
design,  the  conductors  form  loops  in  each  of  the 
quadrants.  After  carefully  designing  and  comparing,  the 
loop  structure  was  chosen  because  it  needs  less  current 
and  voltage  while  both  the  designs  satisfy  the  field 
linearity  and  rise  time  requirement.  Only  the  loop 
structure  is  discussed  in  the  later  sections  of  this  paper. 

2. 1  Theoretical  Formulas 

The  surface  current  distribution  for  a  quadrupole  with  a 
rectangular  aperture  is  derived  [4].  The  current 
distribution  is  such  that  all  the  integrated  (along  the  z- 
axis)  multipole  components  of  the  field  vanish,  except 
for  the  quadrupole  term.  The  surface  current  density 
along  the  z-axis  on  the  top  and  bottom  surface,  pz  (x) , 

and  that  on  the  left  and  right  surface,  pz  (y)  are: 

/  IT1UX  Y  y 

Pz  (*>  =  X  Pi  0  +  —y'A  (C1  +  «'-)' +(1 -«-)') 

"a  a  a  (1), 

/  m3x  2  — .  «. 

pz  00  =  X  p*  a + ijr/2  (d + if  )*  +  a  -  if  >* ) 

/=o  b  b  b 

where  x,  y  are  the  horizontal  and  vertical  axis  and  a,  b 
are  the  half  length  of  the  rectangular  aperture  in  the  x 
and  y  direction.  The  current  density  is  then  approximated 
by  the  first  two  terms: Pz(X)=a- p0(x)+{\-a)- p,{x),  with 
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a  the  weight  of  the  first  term.  Similar  in  y  with  the 
weight  p. 

In  the  loop  structure  with  a  continuous  current  model, 
the  active  currents  (currents  that  go  along  the  z-axis)  do 
not  have  the  same  length  because  of  the  return  current 
which  goes  in  the  x  or  y  direction.  Let  the  effective 
active  current  (adjusted  by  the  current  length)  to  be  the 
current  needed  to  produce  a  quadrupole  field.  Then 
making  use  of  the  continuity  of  the  current  [5],  the  curve 
of  the  loop  comer  must  satisfy: 

(— — )2  =  1  -  a(-)  -  (— — )  Arc  smh(-), 

L  a  k  a  (A)> 

My  =  j  _  0(Z)  _  (l^MrcsinhA 
L  b  k  b 

where  jfc  =  Arc  sinh(l)  is  a  constant;  L  is  half  length  of  the 
quadrupole. 

2.2  Conductor  Location 

The  return  current,  which  is  perpendicular  to  the  z-axis, 
is  located  with  equal  intervals  at  Z[rt].  The  active 
conductors  are  then  located  according  to  the  curve  of  the 
loop  comers.  Their  location,  X[n]  and  Y[n\,  must  satisfy: 

,h=! (3) 

L  b  k  b 

The  factors  oc  and  p  are  adjusted  carefully  to  optimise 
the  field  and  keep  the  distance  between  the  conductors 
not  too  small.  The  number  of  loops  N  is  a  trade-off 
between  the  field  quality  and  the  inductance  of  the 
circuit. 


Figure  2:  Conductor  location  of  Panofsky  quadrupole. 

The  size  of  the  Panofsky  quadrupole  used  in  the  ring  is 
4.4cm  long,  13.4cm  wide,  and  5.6cm  high.  The  design 
with  a  10-loop  structure,  given  in  Figure  2,  uses  a=-2.14, 
P=-2.0.  This  design  retains  good  field  quality,  shown  in 
Table  1,  and  small  inductance,  as  we  will  see  later. 


2.3  External  Connections 

For  the  final  Panofsky  quadrupole  to  be  used  in  UMER, 
each  of  the  4  quadrants  will  be  in  series  with  an  external 
50Q  resistor  and  driven  by  a  separate  pulse  generator.  A 
common  dc  power  supply  will  be  used  to  power  the  4 
pulse  generators  and  ensure  equal  pulse  voltage. 

For  the  10  loop  design  in  section  2.2,  a  current  of 
28.2A  in  each  conductor  is  needed  to  produce  an 
integrated  gradient  of  28  Gauss.  The  required  generator 
voltage  is  1.4kV.  The  quadrupole  is  on  for  20|is,  which 
corresponds  to  100  revolutions  in  the  ring.  If  the  ring 
operates  in  60  Hz,  the  duty  factor  is  as  small  as 
1.2x1  O'3.  This  gives  a  total  average  power  of  156w,  or 
47w  per  resistor.  The  inductance  of  each  quadrant  is 
about  3pH  (see  section  3.2  for  detail),  and  gives  a  time 
constant  of  30ns. 

The  mechanical  part  of  the  design  is  not  finalized  yet. 
Both  the  wire  method  and  a  printed  circuit  are  being 
explored. 

Table  1:  The  deviation  of  integral  gradient  at  different 
radius  and  angle.  The  pipe  radius  is  R=2.5cm. 


60° 

0.2R 

-0.02% 

-0.02% 

0.0% 

0.03% 

0.4R 

-0.03% 

-0.11% 

0.0% 

0.19% 

0.7R 

0.50% 

-0.63% 

-0.58% 

-0.59% 

3  TEST  AND  SIMULATION 

3.1  Prototype  Field  Measurement 

A  2:1  scaled  prototype  of  16  loops  (Figure  3)  has  been 
built  to  measure  the  magnetic  field.  (The  10-loop  design 
was  done  after  this  measurement).  A  1.67MHz,  30V 
sinusoidal  signal  is  used  to  drive  the  prototype 
quadrupole,  and  a  small  coil  of  20  turns  is  put  into  the 
quadrupole  to  get  the  induced  voltage.  The  magnetic 
field  is  then  calculated  from  the  induced  voltage.  The 
magnetic  field  measurement  agrees  very  well  with  the 
MAG-PC  calculation,  which  is  shown  in  Figure  4. 


Figure  3:  The  prototype  of  Panofsky  quadrupole. 
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Magnetic  Field  on  X-Axis 
at  3  Different  Radii 
for  Panofsky  Quadrupole  Prototype 


Figure  4:  Magnetic  field  measurement  (markers) 
and  calculation  (curve). 

3.2  Inductance  Measurement 

Two  1:1  models  of  the  10-loop  design  have  been  built  to 
measure  the  inductance  and  check  the  interaction 
between  them.  One  is  a  little  bit  larger  than  the  other  in 
the  size.  The  inductance  of  each  quadrant  is  2.5  (J.H  and 

3.3  |lH  respectively  for  the  two  models. 


t  (ns) 

Figure  5:  Circuit  response  of  the  Panofsky  quadrupole 
model. 

In  the  circuit  response  measurement,  each  quadrant  is 
in  series  with  a  nominal  220  resistor  to  guarantee  equal 
current  in  each  quadrant.  The  4  quadrants  are  then  in 
parallel.  This  arrangement  is  then  in  series  with  a  460 
resistor  and  driven  by  a  rectangular  pulse  with  a  time 
constant  about  10ns.  Figure  5  is  the  signal  picked  up 
from  the  460  resistor.  This  signal  exhibits  fast  enough 
rise  time  and  also  fall  time. 

In  order  to  check  the  interaction  between  the 
quadrupoles,  two  relative  locations  have  been  tested:  one 
is  when  the  two  models  are  far  away,  the  other  is  when 
the  small  model  is  overlapped  with  the  large  one  a  little 
bit,  according  to  their  relative  position  in  Figure  1 .  The 
large  one  is  driven  by  an  80ns  rectangular  pulse  while 
the  small  one  is  driven  by  the  same  pulse  but  with  100ns 
delay.  The  output  waveform  has  no  detectable  difference 


between  the  two  cases.  This  shows  that  the  mutual 
inductance  is  not  a  serious  problem.  However,  these 
measurements  will  be  repeated  in  the  final  arrangement. 

In  the  future,  maybe  after  the  Panofsky  quadrupole  are 
built,  the  rotating  coil  system  is  to  be  used  in  the 
measurement  of  the  harmonic  components  of  the  DC 
magnetic  field;  and  the  taut  wire  method  is  being 
employed  to  measure  the  pulsed  magnetic  field  [7]. 

3.3  Effect  to  beam,  by  Simulation 

The  Panofsky  quadrupole  has  a  different  field  profile 
than  the  regular  cylindrical  quadrupoles  designed  for 
UMER.  Beam  simulation  by  a  particle  in  cell  code, 
WARP  [8],  has  been  done  to  check  this  effect  on  the 
beam.  In  Figure  6,  the  lower  curve  is  the  emittance 
growth  in  the  x  direction  with  only  regular  quadrupoles, 
while  the  upper  curve  is  after  changing  2  regular 
quadrupoles  into  Panofsky  quadrupoles.  The  result  shows 
that  there  is  no  large  difference  in  emittance  growth,  and 
therefore  verifies  the  field  linearity  of  the  design.  [6] 


S  (m) 

Figure  6.  WARP  simulation  of  Panofsky  Quadrupole. 

4  SUMMARY 

A  pulse  Panofsky  quadrupole  with  rectangular  aperture  is 
designed.  Prototype  field  measurement  and  inductance 
measurement  have  been  done.  Simulation  has  been  done 
to  check  the  linearity.  The  mechanical  construction  and 
pulse  generator  is  under  development. 
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Abstract 

Printed-Circuit  (PC)  quadruples  and  dipoles  have  been 
designed  and  developed  for  focusing  and  bending  a  space- 
charge  dominated  electron  beam  in  the  University  of 
Maryland  Electron  Ring  (UMER)  [1],  currently  under 
development.  Due  to  the  rather  small  aspect  ratio 
(length/diameter  <  1)  of  the  magnets,  the  field  quality, 
especially  the  nonlinear  fringe  field,  has  been  a  concern  for 
the  success  of  the  UMER  project.  Extensive  theoretical 
and  experimental  studies  of  the  field  structure  of  the 
magnets  have  been  performed.  Simple  and  precise 
methods  for  the  magnetic  field  measurements  of  the  PC 
magnets  have  been  developed.  In  this  paper,  we  present 
the  various  techniques  and  results  of  the  measurements. 
The  magnetic  multipole  components  of  quadrupoles  and 
dipoles  are  determined  from  measurements  with  a  long 
rotating  coil.  In  addition,  the  integrated  field  of 
quadrupoles  is  obtained  with  the  pulsed,  taut-wire  method. 
A  comparison  between  the  experimental  results, 
theoretical  analysis  and  calculation  with  a  magnetics  code, 
MAG-PC,  is  presented. 

1  INTRODUCTION 

A  compact  Electron  Ring  is  being  developed  at  the 
University  of  Maryland  to  study  space  charge  effects  and 
collective  behavior  of  beams  in  a  circular  lattice  [2],  The 
UMER  has  been  designed  to  transport  an  electron  beam  of 
10  keV,  100  mA,  and  50  ns  in  a  circular  lattice  of  1 1.5  m 
in  circumference.  The  key  components  of  the  electron  ring 
lattice  are  Printed  Circuit  (PC)  quadrupoles  and  dipoles. 
The  electron  beam  is  focused  by  72  PC  quadrupoles  and 
deflected  by  36  PC  dipoles.  Table  1.  lists  the  physical 
parameters  of  the  PC  quadrupoles  and  dipoles.  These  very 
short,  air  core  magnets  are  made  of  current  loops  on 
flexible  printed  circuits  [3].  This  approach  can  meet  not 
only  the  demand  for  beam  transport  in  the  electron  ring, 
but  also  a  significant  reduction  in  cost.  Nevertheless,  the 
challenging  problem  is  that  the  magnets  have  a  rather 
small  aspect  ratio,  resulting  in  highly  nonlinear  fringe 
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fields.  This  concern  has  been  addressed  by  extensive 
study  of  the  field  structure  of  the  magnets  in  both  theory 
and  experiments. 

Table  1 :  Physical  parameters  of  PC  magnets 


Quadrupole 

dipole 

Radius  R 

2.79  cm 

2.872  cm 

Length  L 

4.65  cm 

4.437  cm 

L/2R 

0.833 

0.772 

Grad  (B  Field) 

4.14  G/cm-A 

5.22  G/A 

2  SPATIAL  HARMONICS 
MEASUREMENT 

An  accurate,  widely  used  method  of  measurement  of 
harmonics  content  in  magnetic  quadrupoles  is  the 
rotating  coil  [4],  A  rectangular  coil  with  dimensions  2.54 
cm  by  12.7  cm  has  been  built  [5].  It  is  used  in  such  a  way 
that  one  side  of  the  coil  is  always  positioned  along  the 
axis  of  the  magnets,  so  the  only  relevant  component  of 
the  magnetic  field  is  B0.  The  voltage  waveform  induced 
in  the  rotating  coil,  spinning  at  6+0.001  Hz,  is  digitized 
and  fast-Fourier  transformed  in  a  scope.  The  oscilloscope 
is  triggered  by  a  synchronous  signal  related  to  the 
angular  position  of  the  rotating  coil.  Figure  1  is  a  photo 
of  the  basic  setup. 


Figure  1:  Rotating  coil  setup  (without  p-metal  shield). 

The  PC  quadrupole  is  the  block  labeled  "Q4" 
in  the  photo. 
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The  Earth's  field  and  environmental  noise  are  carefully 
compensated,  since  otherwise  they  produce  a  dipole  term 
and  other  harmonic  terms  that  affect  the  accuracy  of 
measurement.  To  shield  the  effect  of  the  Earth's  field,  a  |X- 
metal  box  is  employed;  the  residual  field  is  about  5  mG. 
The  effect  of  random  noise  is  reduced  by  averaging  more 
than  ten  measurements.  The  first  step  is  to  adjust  the  PC 
magnet  relative  to  the  rotating  coil  to  minimize  the  dipole 
component  (for  the  quad),  or  the  quadrupole  component 
(for  the  dipole);  a  3-axis  support  fitted  with  non-magnetic 
micrometer  screws  is  used  for  this  purpose,  which  makes 
quadrupole  magnetic  axis  corresponding  to  the  mechanical 
axis  of  the  coil.  In  this  way,  the  rotating  coil  allows  us  to 
determine  the  magnetic  axis  of  each  quadrupole  relative  to 
its  mechanical  axis  to  within  0.025  mm.  Figure  2  shows  a 
typical  spectrum  from  one  quadrupole  (with  |X  -metal 
shield). 


Figure  2:  Harmonic  spectrum  of  PC  quadmpole: 

Dip(ole),  Q(uadrupole),  S(extupole),  O(ctupole), 

De(capole)  and  Du(odecapole). 

Both  theoretical  analysis  [6]  and  MAG-PC  calculations 
show  that  the  only  high  order  harmonic  term  allowed  in 
the  UMER  PC  quadrupole  is  the  duodecapole;  for  the  PC 
dipole,  the  sextupole  and  decapole  terms  occur.  The 
unexpected  measured  high  order  harmonic  terms  in  both 
PC  magnets  can  be  traced  to  machining  errors  in  the  metal 
mandrels,  small  errors  in  assembly,  and  possible 
distortions  of  the  printed  circuit.  The  dipole  term  in  the 
quad  spectrum  is  due  mostly  to  the  residual  Earth's  field. 
Table  2  lists  the  measured  harmonic  multipole  terms 
relative  to  the  main  component  in  both  PC  quadrupoles 
and  dipoles.  Each  number  is  the  average  of  thirty-two 
measurements. 

Theoretical  analysis  [6]  yields  a  duodecapole  term  for  the 
PC  quadrupole  equal  to  0.098  %,  while  MAG-PC 
calculations  give  0.12  %,  both  in  agreement  with  the 
measured  value,  within  experimental  error.  The  measured 
multipole  terms  have  been  used  in  single-particle  studies 
and  error  analysis  of  the  University  of  Maryland  Electron 


Ring  [7].  They  also  provide  important  information  for  the 
mechanical  alignment  of  the  UMER. 


Table  2:  Measurement  results 


"" — -^IVlagnet 
Harmonte^^^ 

Dipole(%) 

Quadrupole  (%) 

Dipole 

100 

0.3 

Quadrupole 

0.37 

100 

Sextupole 

0.51 

0.3 

Octupole 

0.14 

0.2 

Decapole 

0.11 

0.19 

Duodecapole 

0.15 

3  MAGNETIC  FIELD  MEASUREMENT 

Because  of  the  small  size  of  the  PC  magnets,  direct 
measurements  with,  for  example,  a  Hall-probe 
gaussmeter  is  impractical.  An  alternative  is  to  derive  the 
field  from  integrated-field  measurements  using  the 
pulsed  taut- wire  method  [8,9].  Figure  3  shows  the 
experiment  setup. 


Weight 


Figure  3:  Setup  for  integrated  magnetic  field 
measurement  with  a  pulsed  taut-wire. 

A  current  pulse  (about  4  A,  300  ps  at  0.2  Hz)  is  applied 
to  a  long  straight  wire  parallel  to  and  some  distance  from 
the  PC  magnet  axis.  The  Lorentz  force  on  the  wire 
produces  a  mechanical  vibration  that  a  photogate  sensor 
turns  into  a  voltage.  The  amplitude  of  the  voltage 
waveform  is  proportional  to  the  integral  of  the  transverse 
magnetic  field.  In  order  to  reduce  the  effects  of  room 
vibration  and  noise,  the  waveforms  are  averaged  over  at 
least  100  pulses.  Since  the  Earth's  magnetic  field  affects 
the  motion  of  the  wire,  the  waveform  produced  by  the 
Earth’s  field  alone  is  first  obtained  and  then  subtracted 
from  the  measurements.  Figure  4  shows  the  result  of  a 
typical  waveform  after  subtracting  the  Earth’s  field 
signal. 
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To  obtain  an  accurate  value  of  the  integrated  magnetic 
field,  a  calibration  is  required.  The  simplest  calibration 
method  uses  a  set  of  small  Helmholtz  coils:  the  integrated 
magnetic  field  of  the  coils  is  carefully  determined  from 
measurements  with  both  a  gaussmeter  and  the  taut-wire; 
thus  the  correspondence  between  amplitude  of  measured 
waveform  and  integrated  field  (i.e.  number  of  volts  per 
Gxcm)  is  established.  Since  the  optical  sensor  has  a  limited 
linear  area,  the  calibration  is  performed  with  care  taken  to 
avoid  changing  the  sensor  and  taut-wire  relative 
positioning  used  during  the  magnet  measurements. 


t  (ms) 

Figure  4:  Typical  signal  from  photogate  sensor  in  the  taut- 
wire  method. 

After  differentiation  and  normalization  of  a  waveform 
similar  to  Figure  4,  the  normalized  field  profile  of  Figure  5 
is  obtained.  The  difference  between  experimental  results 
and  calculations  is  more  pronounced  in  the  tails,  where  the 
sensitivity  of  the  taut-wire  apparatus  becomes  a  problem. 


Figure  5:  Normalized  field  profile  of  a  PC  quadrupole  at 
r=0.45xquad  radius  and  0=45°.  The  solid  line 
is  the  result  of  MAG-PC  calculations. 


An  obvious  improvement  is  to  increase  the  peak  current 
(without  changing  the  pulse  width)  applied  to  the  wire  or 
the  DC  current  applied  to  the  magnet.  This  latter  option, 
however,  results  in  quadrupole  heating. 

The  taut-wire  method  is  also  suitable  for  measuring  the 
integrated  magnetic  field  of  pulsed  magnets  like  the 
Panofsky  quadrupole  and  the  injector/extractor  dipole 
intended  for  the  Maiyland  Electron  Ring  [10]. 

4  SUMMARY 

A  rotating  coil  and  a  pulsed  taut-wire  apparatus  have 
been  used  to  measure  the  harmonic  content  and 
integrated  magnetic  field,  respectively,  of  the  PC 
magnets  for  the  University  of  Maryland  Electron  Ring. 
These  complementary  measurements  provide  detailed 
information  on  the  field  quality  of  the  small  aspect  ratio 
lenses,  important  for  simulations  of  the  beam  dynamics 
as  well  as  a  realistic  design  of  the  mechanical  lattice.  The 
measurements  are  also  significant  on  their  own  right, 
since  the  magnets  are  possibly  the  shortest  (relative  to 
their  aperture),  in  existence. 

The  results  of  both  the  rotating  coil  and  the  pulsed-taut 
wire  measurements  are  consistent  with  calculations  with 
the  iron-free  magnetics  code  MAG-PC.  The  rotating  coil 
results  are  also  in  fair  agreement  with  theoretical 
predictions. 

Studies  similar  to  the  ones  reported  here  for  DC  magnets 
are  planned  for  the  pulsed  elements  of  the  UMER. 
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MAGNETIC  MEASUREMENTS  OF  THE  ANKA  STORAGE  RING  MAGNETS 

D.Einfeld,  A.Kriissel,  M.Pont12  Forschungszentrum  Karlsruhe  GmbH, 

Projektgruppe  Errichtung  ANKA,  Postfach  3640,  D-76201  Karlsruhe,  Germany 


Abstract 

ANKA  is  a  2.5  GeV  storage  ring  under  construction. 
The  storage  ring  consists  of  16  bending  magnets  with  a 
maximum  field  of  1.5  T,  40  quadrupoles  divided  in  five 
families  with  a  maximum  gradient  of  20  T/m,  24 
sextupoles  with  a  maximum  second  order  differential  of 
550  T/m1 2,  and  44  correctors  with  a  maximum  kick 
capability  of  0.8  mrad.  The  production  of  all  the 
magnets  is  now  finished  and  the  magnets  have  been 
mechanically  and  magnetically  characterized  to 
ascertain  their  excitation  curves  and  field  uniformity. 
For  the  dipoles  a  Hall  probe  has  been  used  to  map  the 
magnetic  field  while  for  the  quadrupoles  and  sextupoles 
a  rotating  coil  system  has  been  used  to  determine  the 
magnitude  of  the  high  order  multipoles.  In  this  paper 
the  analysis  of  these  data  is  discussed  and  results  for 
measured  magnets  are  presented. 

1  INTRODUCTION 

The  magnetic  system  of  the  ANKA  storage  ring  [1]  is 
summarised  in  table  I.  It  consists  of  16  bending 
magnets,  40  quadrupoles,  divided  in  5  magnetically 
different  families  and  two  families  of  sextupoles. 


Table  I 


Magnet  type 

Name 

Number 

Max.  magn 

Bending 

BEN 

16 

1.5  T 

Quadrupole 

Q320 

8 

18.1  T/m 

Quadrupole 

Q320 

8 

18.1  T/m 

Quadrupole 

Q320 

8 

18.1  T/m 

Quadrupole 

Q320 

8 

18.1  T/m 

Quadrupole 

Q390 

8 

17.9  T/m 

Sextupole 

SH 

8 

551  T/m2 

Sextupole 

SV 

16 

482  T/m2 

There  are  32  magnets  of  the  Q320  type.  They  have 
been  organised  in  families  according  to  the  magnetic 
measurements. 

For  each  type  of  magnet  a  prototype  was  produced 
to  test  the  expected  magnetic  performance.  The  results 
[2, 3, 4, 5]  indicated  a  performance  comparable  to  what 
had  been  expected,  therefore  the  magnets  were 


produced  with  only  minor  modification  from  the 
prototypes. 

2  THE  MAGNETIC  MEASUREMENTS 

The  magnetic  measurements  on  the  bending  magnets 
have  been  performed  using  a  Hall  probe  mounted  on  a 
bench  that  allows  movement  in  three  directions  [6].  The 
resolution  of  the  read-out  is  1  pm  in  each  axes,  while 
the  precision  is  smaller  than  5  pm  for  the  three  axes. 
The  Hall  probe  is  calibrated  against  an  NMR  system  to 
better  than  ±  1  G. 

To  characterise  the  quadrupoles  and  the  sextupoles 
a  rotating  coil  system  has  been  used  [7].  The  system 
has  a  relative  accuracy  better  than  +2.104  for  the  main 
harmonic,  and  has  a  reproducibility  better  than  ±2.1  O'4 
for  the  ratio  of  the  high  order  components  to  the  main 
component. 

3  PRELIMINARY  RESULTS  FOR  THE 

MAGNETIC  MEASUREMENTS 

3.1  Bending  Magnets 

Figure  1  shows  the  dependence  of  the  normalised 
magnetic  field  with  respect  to  the  current  for  a  typical 
magnet.  At  the  nominal  current  (approx.  650  A)  there  is 
a  saturation  of  7  %. 


Figure  1  Normalised  magnetic  field  versus  current  for  a 
typical  bending  magnet 

Figure  2  shows  a  typical  field  quality  in  the 
transversal  direction  at  different  currents.  At  the 


1  On  leave  of  absence  from  IFAE-LLS,  Barcelona ,  Spain 
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nominal  current,  one  can  clearly  see  a  quadrupole 
component  due  to  the  magnetic  forces  in  the  pole  gap. 
This  quadrupole  component  is  1.34. 10'2  T/m  and  the 
sextupole  component  is  -0.8  T/m2  according  to  a  fit  of 
the  measured  data  in  the  centre  of  the  magnet. 


— ♦ — 120A  — B — 300  A  500  A  — • —  650  A  — 780  A 


Figure  2  Transversal  field  quality  for  a  bending  magnet 

Magnetic  field  maps  have  been  measured  in  the 
midplane  of  the  bending  magnet  at  three  different 
currents;  injection  (0.5  GeV;  125  A),  at  mid-energy 
(1.6  GeV;  400  A)  and  at  nominal  energy  (2.5  GeV; 
650  A).  The  electron  trajectory  has  been  calculated 
from  the  field  maps  and  the  field  integral  has  been 
determined  from  the  trajectory. 

Figure  3  shows  the  relative  difference  from  the 
mean  integrated  field  for  the  magnets  that  have  been 
measured  up  till  now  at  nominal  current.  The  relative 
difference  is  below  ±  2.103,  which  corresponds  to  a 
kick  of  ±  0.8  mrad,  representing  a  deterioration  of  the 
close  orbit  deviation,  that  can  be  easily  suppress  using 
the  corrector  magnets  distributed  around  the  ring  and  an 
appropriate  sorting  procedure. 

0.003 
0002 
_5  0.001 
^  0.000 
;£  -o.ooi 
-0.002 
-0.003 

123456789  10 
Bending  Magnets 

Figure  3  Relative  deviation  from  the  mean  field  integral 
for  the  up-to-now  measured  bending  magnets  at  650  A 

3.2  Quadrupole  Magnets 

Quadrupoles  Q320  will  work  at  an  approximate  current 
of  350  A  at  nominal  energy,  while  for  the  same  energy 
quadrupoles  Q390  will  work  at  a  current  of  300  A.  The 


difference  between  the  measured  gradient  and  the  ideal 
gradient  is  below  5  %  for  both  magnets. 

Figure  4  (see  next  page)  shows  the  relative 
difference  between  the  measured  integrated  gradient 
and  the  mean  integrated  gradient.  For  the  32  Q320- 
quadrupoles,  Ag/g  stays  below  ±  5.10'3.  These  32 
quadrupoles  are  further  divided  in  4  groups  of  8 
magnets.  Once  this  is  done  the  relative  difference  to  the 
mean  is  below  1.1 0'3  for  three  groups  and  only  for  one 
set  of  magnets  it  goes  up  to  ±  3.1 0'3,  which  is  within 
specifications.  The  tune  shifts  induced  are  below  ±  lO'4 
and  the  beta  beat  is  below  2%  in  both  planes,  once  the 
magnets  are  properly  sorted  as  has  been  shown  by 
calculations  done  with  MAD. 

The  main  high  order  multipoles  present  are  the 
allowed  n=6  and  n=10  components  and  the  non- 
allowed  components  n=3  (normal  and  skew)  and  n=4. 
The  non-allowed  components  are  due  to  mechanical 
errors.  Typically  the  systematic  components  are  the 
same  for  all  the  quadrupoles,  while  the  non-allowed 
components  vary  from  quadrupole  to  quadrupole. 
Nevertheless  the  largest  high  order  component  is  still 
below  ±  5.1  Cl4  (ratio  of  the  high  order  component  to  the 
main  component),  which  has  been  shown  not  to  have 
any  detrimental  effect  on  the  dynamic  aperture  of  the 
machine. 

In  order  to  understand  the  presence  of  the  non- 
allowed  multipoles  we  have  performed  extensive 
mechanical  measurements.  The  aperture  diameter  is  for 
all  the  magnets  7Cfct0.04  mm.  In  the  interpole  distances 
there  is  a  larger  variation,  22.78±0.06  mm.  However, 
there  is  no  clear  correlation  between  the  interpole 
distances  and  the  presence  of  the  non-allowed 
sextupole  and/or  octupole  components. 

For  the  quadrupoles  Q390  the  same  measurements 
have  been  performed.  Figure  5  shows  that  the  relative 
deviation  of  the  measured  integrated  gradient  is  below 
+  4.1 0'3.  Again  the  high  order  multipoles  are 
characterised  by  the  allowed  n=6  and  10  and  the  non- 
allowed  sextupolar  and  octupolar  components. 


quadrupole  number 


Figure  5  Relative  deviation  from  the  mean  integrated 
gradient  for  the  Q390  quadrupoles  at  300  A,  nominal 
current 
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3.3  Sextupole  Magnets 

Measurements  on  the  vertical  acting  sextupoles  SV 
have  not  yet  started  and  those  on  SH  are  now  under 
way,  therefore  only  preliminary  results  will  be  here 
presented. 

The  sextupoles  SH  and  SV  will  work  at  a  nominal 
current  of  approx.  200  A  with  a  saturation  smaller  than 
2  %.  The  main  high  order  harmonics  present  are  the 
allowed  n=9  and  n=15.  For  all  magnets  the  contribution 
of  these  high  order  harmonics  to  the  main  component 
is  smaller  than  5.103. 

Figure  6  presents  the  relative  deviation  from  the  mean 
integrated  sextupolar  component  for  the  sextupoles  SH 
at  200  A. 


Figure  6  Relative  deviation  from  the  mean  integrated 
sextupolar  component  for  the  SH  sextupoles  at  200  A 

4  SUMMARY 

The  measurements  of  the  ANKA  magnets  are  well 
advanced.  The  40  quadrupoles  measured  are  within 


specifications.  The  relative  spread  in  integrated 
quadrupole  strength  amongst  the  different  families  is 
below  ±  3.1 0'3.  The  high  order  multipoles  do  not  have 
any  detrimental  effect  on  the  behaviour  of  the  machine. 
The  measurements  performed  up  to  now  on  the  dipoles 
and  sextupoles  indicate  also  magnets  within  the 
magnetic  specifications. 
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3  DIMENSIONAL  FIELD  CALCULATIONS  COMPARED  TO  MAGNETIC 
MEASUREMENTS  FOR  CERN  PSB-CPS  TRANSFER  LINE  MAGNETS 


M.  J.  Barnes,  G.  S.  Clark,  TRIUMF,  M.  Sassowskv.  CERN 


Abstract 


The  transfer  line  PSB-CPS  recombines  the  four  beams 
from  the  CERN  PS  Booster  (PSB)  into  one  beam,  which  is 
injected  into  the  CERN  26  GeV  Proton  Synchrotron  (CPS). 
As  part  of  the  “PS  conversion  for  LHC”  project  [1],  some 
of  the  magnets  in  this  transfer  line  have  been  replaced  by 
new  magnets  with  laminated  yokes  and  higher  maximum 
current.  The  magnets  were  built  and  magnetically  mea¬ 
sured  by  TRIUMF  as  part  of  a  Canadian  contribution  to 
the  CERN  LHC  project.  Detailed  three  dimensional  mathe¬ 
matical  models  have  been  developed  for  two  types  of  bend¬ 
ing  magnets.  The  models  are  compared  to  magnetic  mea¬ 
surements  and  it  is  shown  that  the  integrated  homogeneity 
curves  can  be  calculated  from  the  3D  model  with  a  preci¬ 
sion  significantly  better  than  one  per  mill.  The  mathemati¬ 
cal  model  is  then  used  to  predict  the  influence  of  shims  on 
the  magnetic  field. 

1  INTRODUCTION 

The  magnetic  field  inside  an  accelerator  magnet  and  suf¬ 
ficiently  far  from  the  extremities,  can  be  calculated  using 
a  two  dimensional  field  calculation.  This  assumes  that  the 
magnetic  vector  potential  only  has  a  2-component.  To  pre¬ 
dict  the  end  field  correctly,  a  full  three  dimensional  field 
calculation  is  necessary. 

The  BV1  and  BV2  magnets,  to  be  used  in  the  PSB-CPS 
transfer  line,  are  window  frame  magnets  described  in  [2] 
and  the  references  therein.  The  end  fields  contribute  sig¬ 
nificantly  to  fB  dl.  The  magnetic  measurements  [2]  were 
carried  out  with  a  ID  Hall  probe,  which  measured  only 
the  main  component  of  the  field.  For  the  BV1  magnets 
a  characteristic  asymmetry  caused  by  the  single  bedstead 
coil  was  found,  which  could  be  sufficiently  well  compen¬ 
sated  by  adding  a  shim  to  the  yoke  extension  block. 

A  3D  code  has  been  used  to  simulate  BV1  and  BV2, 
and  the  predictions  have  been  compared  with  the  measure¬ 
ments.  The  software  used  for  the  calculations  is  Opera-3D 
[6],  which  solves  the  field  equations  with  boundary  condi¬ 
tions  by  finite  element  discretisation.  The  non-linear  prop¬ 
erties  of  the  magnet  steel  are  taken  into  account  by  an  iter¬ 
ative  solution  using  a  Newton-Raphson  method. 

2  MODELLING  CONSIDERATIONS 

2.1  Yoke 

The  yoke  is  built  from  1 .5  mm  thick  laminations  of  low 
carbon  steel  [5]  stacked  between  two  10  mm  thick  massive 
endplates.  The  effect  of  the  laminations  is  modelled  by 


introducing  effective  permeabilities  normal  (pn)  and  tan¬ 
gential  (fit)  to  the  plane  of  the  laminations  [3]: 

Pt  “  Sf^steel  "F  (1  S)  «  Sflsteel  (1) 

lin  =  (—  +  (1  -S))  (2) 

\ftsteel  J 

For  common  values  of  the  stacking  factor  s  (typically  0.96 
to  0.99)  and  the  steel  permeabilitiy  p steel  (several  thou¬ 
sand),  the  term  (1  -  s)  in  Eq.  2  dominates.  Thus  pn  is  only 
weakly  dependant  upon  the  steel  permeability,  and  is  small 
compared  to  fit  and  p steel-  The  physical  meaning  is  that 
the  B  field  lines  are  essentially  parallel  to  the  laminations. 
In  Opera-3D,  pn  and  pt  are  calculated  from  the  BH  curve, 
the  stacking  factor  and  the  orientation  of  the  lamination  [7]. 

The  longitudinal  fringe  field  originates  from  the  end 
plates  with  the  field  direction  essentially  normal  to  the  lam¬ 
ination  plane.  It  is  therefore  essential  to  include  in  the 
model  the  non-laminated  endplate  with  an  isotropic  per¬ 
meability  equal  to  the  steel  permeability. 

2.2  Coils 

The  coils  of  the  BV 1  and  BV2  magnets  are  bedstead  coils 
made  of  8  circuits  with  14  windings  each.  The  coil  heads 
are  not  identical,  as  one  coil  head  contains  the  layer-to- 
layer  transitions  and  the  16  coil  tails  for  hydraulic  and  elec¬ 
trical  connections.  The  model  uses  the  GBED  coil  macro 
with  the  shape  of  the  coil  heads  identical  to  the  actual  shape 
on  the  non-connection  side  of  the  coil.  The  absolute  value 
of  the  current  density  was  fine-tuned  so  that  the  local  B 
field  in  the  magnet  centre  is  equal  to  the  measured  value. 

2.3  Meshing  and  potential  types 

The  model  was  built  using  hexahedral  meshes.  The  results 
using  a  mesh  generated  with  the  new  automatic  tetrahe¬ 
dral  mesh  generator  introduced  in  version  7  of  Opera-3D 
were  found  to  be  not  accurate  enough.  In  the  x-y-plane  the 
finest  meshing  was  generated  in  the  centre  of  the  aperture. 
Several  triangular  regions  (containing  degenerate  tetrahe¬ 
dral  meshes)  create  transitions  to  the  outside  regions  with 
a  coarser  mesh.  An  air  layer  outside  the  dimensions  of  the 
magnet  yoke  was  included  to  minimise  the  influence  of  the 
outer  boundary  conditions  on  the  results.  In  the  2-direction 
(longitudinal)  the  models  consist  of  seven  layers  with  the 
finest  mesh  size  in  the  layers  around  the  endplate.  All  re¬ 
gions  containing  the  coil,  and  the  region  between  the  pole 
faces,  are  reduced  potential  regions  [8];  the  yoke  and  part 
of  the  outer  air  regions  are  total  potential  regions.  The  total 
potential  regions  and  the  reduced  potential  regions  are  to¬ 
pographically  singly  connected  [8].  Fig.  1  shows  perspec¬ 
tive  views  of  both  models. 
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Extension  block 

Figure  1:  BV1  (left)  and  BV2  (right) 


Figure  2:  Measured  and  calculated  Bx  for  BV1  #1 


3  RESULTS 


3.1  BV1 

Fig.  2  shows  the  main  field  component  Bx  for  BV1  as  a 
function  of  the  longitudinal  position  in  the  magnet;  points 
represent  the  measurements  and  lines  represent  the  cal¬ 
culations.  A  pronounced  asymmetry  caused  by  the  sin¬ 
gle  coil  head  can  be  seen.  On  the  side  of  the  coil  head 
(x  <  0)  a  maximum  of  the  local  field  inside  the  yoke  (at 
z  «  390  mm)  can  be  seen.  The  effect  of  the  yoke  exten¬ 
sion  block  manifests  itself  by  an  increase  of  the  local  field 
for  positive  x  up  to  z  w  450  mm,  which  corresponds  to 
the  actual  length  of  the  block  in  the  z-direction.  In  gen¬ 
eral  the  calculated  values  correspond  well  to  the  measured 
ones.  With  shims  attached  to  the  yoke  extension  block,  the 
increase  of  the  local  field  extends  up  to  z  «  500  mm. 

Fig.  3  shows  the  difference  between  measured  and  cal¬ 
culated  values,  the  largest  systematic  differences  can  be 
seen  for  negative  x  close  to  the  end  of  the  magnet.  The 
RMS  spread  between  the  measured  and  calculated  field  is 
1.47-10-3  T  (without  shims)  and  1.4310-3  T  (with  shims) 
[3]  which  corresponds  to  2.3  %0  of  the  central  field.  Com¬ 
paring  the  measurements  of  BV1  #1  and  #2  yields  an  RMS 
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Figure  3:  Predicted  Bx  -  measured  Bx  for  BV1 


difference  of  1.34- 10-3  T  [3],  corresponding  to  2.1  f00  of 
the  central  field.  This  means  that  the  difference  between 
model  and  measurements  is  not  significantly  larger  than  the 
difference  between  the  two  magnets. 

Fig.  4  compares  the  measured  and  calculated  homogene¬ 
ity  curves  of  BV1  #1  without  shims  and  of  BV1  #1  and 
#2  with  shims.  The  predicted  and  measured  values  agree 
to  better  than  one  per  mill.  Again,  the  difference  between 
measurement  and  model  is  not  significantly  larger  than  the 
difference  between  the  measurements  of  the  two  magnets. 
Part  of  the  systematic  deviation  can  be  attributed  to  a  slope 
of  the  measured  curves  which  is  most  probably  due  to  a 
slight  non-parallelism  (0. 1  mm)  of  the  pole  faces.  On  the 
other  hand  the  model  underestimates  the  curvature  of  the 
curve  (i.e.  sextupolar  component)  for  x  =  -20  mm. 

3.2  BV2 

The  agreement  between  measurements  and  calculations  for 
BV2  is  comparable  to  that  reported  above  for  BV 1  [3].  The 
BV2  model  is  then  used  to  predict  the  effect  of  wedge- 
shaped  shims  added  to  the  end  plate,  as  proposed  in  [4], 
to  include  a  gradient  component  in  the  dipolar  field. 

Fig.  5  shows  the  end  region  of  the  BV2  model  with  the 
shims  included,  seen  from  the  inside  of  the  aperture.  Fig.  6 
shows  the  calculated  homogeneity  curves  for  three  cases, 
with  no  shims  (top  row),  with  shims  of  an  angle  of  50 
mrad  (middle  row)  and  with  shims  of  an  angle  of  150  mrad 
(lower  row).  The  left  and  right  columns  show  the  homo¬ 
geneity  as  a  function  of  y  and  x,  respectively.  The  vertical 
gradient  produced  by  the  50  mrad  shim  at  x  =  0  mm  is 
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Figure  4:  Measured  and  calculated  homogeneity  curves 


Figure  6:  Calculated  BV2  homogeneity  curves 


Figure  5:  BV2  model  with  wedge  shaped  shims 


only  one  third  than  what  would  be  naively  expected.  In¬ 
creasing  the  shim  to  an  angle  of  150  mrad  can  produce  the 
desired  vertical  gradient,  but  creates  a  much  stronger  sex- 
tupolar  component  in  the  horizontal  (x)  direction. 

4  CONCLUSIONS 

The  magnetic  field  of  the  BV1  and  BV2  transfer  line  mag¬ 
nets  has  been  calculated  using  the  Opera-3D  program.  The 
integrated  homogeneity  curves  can  be  calculated  from  the 
3D  model  with  a  precision  significantly  better  than  one  per 
mill.  The  influence  of  the  BV1  shims  is  well  described  by 
the  model.  Wedge  shaped  shims  with  an  angle  of  150  mrad 
added  to  the  BV2  model  produce  a  vertical  gradient  com¬ 
ponent  proposed  in  [4],  but  at  the  same  time  a  significantly 


higher  sextupolar  component  in  the  horizontal  direction. 
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Abstract 

A  dipole  "septum"  magnet  without  a  material  septum  has 
been  designed  and  tested  as  part  of  a  fast  beam  kicker 
system  for  use  in  intense,  electron-beam  induction 
accelerators.  This  septum  magnet  is  a  simple,  iron-based 
electromagnet  with  two  static,  oppositely  oriented  dipole 
field  regions  used  to  provide  further  separation  of  beam 
centroids  given  a  small  angle  kick  by  a  fast  beam  kicker. 
The  magnet  geometry  includes  removable  pole  pieces  to 
allow  experimental  flexibility.  Field  errors  experienced  by 
the  beam  depend  crucially  on  the  magnitude  of  the  initial 
kick  that  provides  displacement  of  the  beam  centroids 
from  the  transition  region  between  the  two  dipole  field 
regions.  Results  of  simulations  are  reported. 

I  INTRODUCTION 

Intense  electron-beam  induction  accelerators  are 
presently  under  consideration  at  Lawrence  Livermore 
National  Laboratory  (LLNL)  for  use  in  advanced  flash  x- 
ray  diagnostics  of  implosions  [1].  A  key  component  of 
these  radiography  machines  is  a  fast,  high  current  stripline 
kicker  used  to  rapidly  switch  an  intense  electron  beam 
micro-pulse  on  the  order  of  50  ns  in  duration  into  separate 
beam  transport  lines  to  achieve  multiple  lines  of  sight  on 
target  [2],  This  fast  kicker  system  is  composed  of  two 
elements  in  series  as  diagrammed  in  Fig.  1.  The  first  is  a 
fast  dipole  kicker  that  is  only  capable  of  imparting  a  small 
angle  bend  ( 6i  =  1° )  to  the  centroid.  This  is  followed  by  a 
short  drift  distance  to  allow  the  kicked  beam  centroids  to 
radially  separate  (but  not  so  long  as  to  allow  significant 
expansion  due  to  the  lack  of  transverse  focusing),  and  then 
a  static  field  dipole  septum  magnet  that  increases  the 
angular  separation  of  the  centroids  (0/  =15°)  and  steers 
them  into  separate  transport  lines.  In  this  study,  we 
describe  the  design  and  construction  of  a  prototype  septum 
magnet  with  two  oppositely  oriented  dipole  field  regions. 
This  "septum"  magnet  is  not  a  true  septum  since  no 
material  is  allowed  in  the  region  between  the  two  dipole 
field  apertures  across  which  intense  electrons  will  spray 
during  the  beam  switching  process.  Any  material  present 
in  this  region  would  be  hit  by  intense  electrons  and 
resulting  plasmas  close  to  the  beam  reference  orbits  could 
interfere  with  subsequent  micro-pulses.  Unfortunately, 
this  lack  of  a  material  septum  makes  achieving  high  field 
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of  Energy  under  contract  W-7405-ENG-48. 
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quality  problematic.  A  simple,  flexible  iron-dominated 
dipole  electromagnet  has  been  designed  for  use  in  proof-of- 
principle  experiments  on  the  ETA-II  accelerator  at  LLNL. 
This  design  scales  to  full  radiographic  parameters,  and 
allows  a  wide  range  of  experimental  tuneability. 


incident 
beam 


fast  dipole  0i~l  deg 

kicker  static  Beamline 

dipole 
septum 


Fig.  1:  Fast  kicker  system  consisting  of  a  pulsed,  fast 
dipole  kicker,  a  drift,  and  a  static  dipole  septum  magnet. 


The  ideal  "box"  geometry  of  the  septum  magnet  is  shown 
in  Figure  2.  There  are  two  regions  with  oppositely 
oriented  uniform,  dipole  magnetic  fields  of  the  same 
magnitude,  radially  separated  by  a  thin  field  transition 
region.  The  two  beams  emerging  from  the  kicker  are 
incident  in  the  uniform  field  region  a  radial  distance  d 
from  the  centerline  and  are  further  separated  from  each 
other  by  the  dipole  fields  as  the  beams  traverse  the  axial 
length  1  of  the  magnet. 


Fig.  2:  Ideal  box  geometry  of  the  dipole  septum  magnet. 


The  required  dipole  magnetic  field  B  is  related  to  the 
beam  energy  Eb  and  the  incident  and  exiting  beam  angles 
6j  and  6f  by 
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Here,  m  and  e  are  the  mass  and  charge  of  an  electron,  and 
c  is  the  speed  of  light  in  vacuo.  On  traversing  the 
magnet,  the  beam  centroids  will  move  radially  a  distance 


A  =  1 


[cos0,  -  cos  6f  J 
[sinflj.  -sin0(] 


(2) 


2  SEPTUM  MAGNET  DESIGN 

An  iron  electromagnet  has  been  designed  using  iron  poles 
with  shims  to  enhance  field  quality.  The  magnet  geometry 
is  illustrated  in  Fig.  3  and  is  essentially  two  "C"  type 
dipole  magnets  brought  into  close  radial  proximity.  The 
poles  consist  of  insertable  plates  allowing  easy  pole 
replacement  enabling  experimental  evaluation  of  a  range 
of  aperture  gaps,  and  field  smoothing  shims  using  the 
same  basic  assembly.  The  rapidity  of  the  transition 
between  the  two  dipole  field  regions  depends  critically  on 
hi d,  the  ratio  of  magnet  half-gap  h  relative  to  the 
incident  centroid  displacement  d .  The  ratio  dl  rb,  where 
rb  is  the  beam  radius,  must  also  be  sufficiently  large  such 
that  the  incident  beam  does  not  enter  the  field  transition 
region.  Achievable  d  is  limited  by  the  fast  kicker 
technology  and  the  maximum  fast-kicker  to  septum 
magnet  drift  distance.  Thus  h  was  chosen  as  small  as 
possible  consistent  with  the  transverse  size  of  the  nearly 
round  beam  incident  on  the  septum  magnet.  The  dipole 
fields  bend  the  beam  centroid  into  the  good  field  region  as 
the  beam  traverses  the  box  magnet  geometry.  Due  to  this 
desire  to  increase  the  centroid  motion  A  [Eq.  (2)]  and  the 
desire  to  minimize  3D  fringe  field  effects,  weak  bending 
fields  were  employed  with  long  axial  magnet  length 
relative  to  the  magnet  half-gap  h .  Coils  were  stacked  thin 
transversely  and  long  vertically  to  allow  a  more  rapid 
transition  between  the  dipole  field  regions.  Permanent 
magnets  and/or  additional  coils  could  be  used  to  enhance 
the  rapidity  of  the  field  transition,  but  this  was  avoided  for 
simplicity  and  to  have  the  unsaturated  field  scale  linearly 
with  coil  excitation.  The  upper  and  lower  half  coils  were 
wound  separately  to  allow  the  upper  and  lower  magnet 
assemblies  to  be  unbolted  for  easy  removal  of  the  magnet 
assembly  and  independent  excitation  of  each  dipole  region. 
This  allows  easy  access  to  the  poles  and  the  vacuum  beam 
pipe  as  well  as  flexible  experimental  operation.  Shims 
were  employed  near  the  field  transition  region  to  enhance 
field  linearity.  The  vertical  height  of  these  shims  was 
limited  to  prevent  further  restriction  of  a  thin  walled 
rectangular  vacuum  pipe  that  threads  the  magnet  aperture, 
thereby  limiting  the  degree  of  field  smoothing  these  shims 
can  produce.  No  shims  were  employed  on  the  far  radial 
extent  of  the  poles  since  the  poles  can  easily  be  made  wide 
enough  to  achieve  high  field  quality  in  that  region. 


The  parameters  chosen  for  the  design  are  an  axial  length 
1=  20  cm,  incident  and  exiting  beam  angles  of  0  =  ldeg 
and  6f  =  15  deg,  resulting  in  a  bending  field  of 
B  ~  250  Gauss  for  the  beam  energy  of  Eb  ~  6MeV.  The 


incident  beam  radius  ( rb )  and  centroid  separation  (2d)  at 
the  septum  magnet  are  about  1.5  cm  and  6  cm, 
respectively.  The  beam  centroid  will  exit  the  magnet  a 
horizontal  distance  of  A  ~  3  cm. 


Fig.  3:  Schematic  of  dipole  septum  magnet  geometry  (not 
to  scale). 

Figure  3  shows  the  2D  geometry  of  the  septum  magnet 
designed.  The  beams  go  through  the  aperture  ( 2h )  which 
is  about  7  cm  high.  The  coils  on  the  left  side  and  right 
side  of  the  magnet  have  different  polarities  such  that  there 
are  two  field  regions  with  oppositely  oriented  dipole 
magnetic  fields.  The  amp-turns  of  each  coil  can  be 
estimated  as  NI~Bh//i0~  800  Amp-turns.  Here,  h  is 
the  height  of  the  half  gap,  fi0  is  the  free  space 
permittivity,  and  N  is  the  number  of  turns  of  the  coil.  A 
total  of  A  =  300  turns  was  chosen  and  the  total  power 
dissipation  was  small  enough  where  no  water  cooling  was 
needed.  A  part  of  each  iron  pole  is  made  into  a  removable 
plate.  Therefore,  if  the  beam  radius  is  larger  than  expected 
or  if  the  field  quality  is  insufficient,  the  gap  structure  can 
be  easily  modified  without  reconstructing  the  whole 
magnet  assembly.  Shims  of  trapezoidal  shape  were 
designed  to  make  the  fields  more  uniform  in  the  transition 
region.  A  picture  of  the  septum  magnet  built  for  use  in 
proof-of-principle  experiments  on  the  ETA-II  accelerator  at 
LLNL  is  displayed  in  Fig.  4a.  Figure  4b  shows  the 
septum  magnet  in  the  beamline.  Because  of  the  small 
aperture  in  the  septum  magnet,  the  round  beam  pipe  from 
the  kicker  is  tapered  to  a  rectangular  shape  in  the  septum 
magnet  region  before  reaching  the  diverging  beamline. 


Fig.  4:  (a)  Septum  magnet  for  the  ETA-II  experiment 
(b)  Septum  magnet  in  the  beamline 
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3  MAGNETIC  FIELD  SIMULATION 

The  magnetic  field  was  simulated  using  the  2D 
magnetostatic  code  Poisson.  Only  a  quarter  of  the 
symmetric  structure  was  simulated.  Due  to  the  low  fields, 
no  iron  saturation  occurred  for  the  full  possible  coil 
excitation.  Figures  5a  and  5b  show  the  field  contours  near 
the  transition  region  without  and  with  the  shims.  The 
curved  field  lines  indicate  non-uniform  fields,  with  a 
perfect  dipole  corresponding  to  straight  lines. 

(a) 


incident  exiting 
beam  beam 


incident  exiting 

beam  beam 


Figure  5:  Simulated  field  lines  in  the  half  aperture  of  the 
septum  magnet,  (a)  without  shims,  (b)  with  shims. 

Note  that  with  shims,  the  fields  in  the  transition  region 
are  more  uniform.  Also  the  significant  centroid  motion  of 
the  beam  from  incident  to  exiting  limits  the  effect  of  the 
larger  incident  field  errors  since  the  beam  bends  into  the 
high  field  quality  region.  Note  also  that  the  shim  includes 
a  small  tapered  cut  from  the  iron  pole.  The  effect  of  the 
shim  is  further  illustrated  in  Fig.  6,  where  the  vertical 
magnetic  field  on  the  midplane  (y  =  0)  of  the  septum 
magnet  is  plotted.  Note  that  the  shim  reduces  the 
undesirable  variation  in  field  at  the  beam  edge  and  centroid 
for  the  incident  beam. 

A  harmonic  analysis  of  the  multipole  content  of  the  field 
in  the  gap  of  was  performed  at  x=3,  4,  5,  and  6  cm  and 
y  =  0 .  Table  1  summarizes  the  multipole  field 
contributions  compared  to  the  dipole  field  at  that  value  of 
x  when  evaluated  on  a  circle  of  radius  2.5  cm  for 
harmonic  numbers  N  =  2  (quadrupole),  3  (sextupole),  and 
4  (octupole). 


septum  magnet  verses  radial  distance  from  magnet  center. 
Table  1 :  Harmonic  analysis  of  the  field  inside  the  aperture 


N 

x=  3cm 

x=4cm 

x=5cm 

x=6cm 

2 

6.5% 

1.4% 

0.3% 

0.04% 

3 

4.5% 

1.1% 

0.2% 

0.1% 

4 

1.8% 

0.6% 

0.1% 

0.00% 

4  EMITTANCE  CALCULATION 

To  estimate  emittance  growth  in  the  magnet  due  to  the 
field  non-uniformity,  a  3D  PIC  simulation  was  used  to 
transport  a  uniform  beam  slice  consisting  of  several 
thousand  particles  through  the  magnet  [3].  The  trajectories 
were  calculated  either  by  using  an  analytic  approximation 
for  the  fields  or  by  importing  the  2D  field  map  from 
Poisson  simulations.  Preliminary  estimates  show 
emittance  growth  on  the  order  of  4%  for  the  magnet, 
which  is  acceptable  in  the  experiment. 

5  CONCLUSION 

An  electromagnet  septum  magnet  was  designed  and 
fabricated  for  experiments  on  the  ETA-II  accelerator.  This 
design  avoided  the  use  of  a  material  septum  and  was  based 
on  a  simple  scaleable  geometry  which  allows  a  high 
degree  of  experimental  flexibility.  The  device  is  in  use  in 
experiments.  Results  of  more  detailed  measurements  and 
experimental  field  map  comparisons  will  be  reported  in 
future  work. 
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Abstract 

Recent  performance  improvements  at  the  SLAC  Linear 
Collider  (SLC)  have  led  to  a  proposal  to  further  increase 
the  luminosity  up  to  a  factor  of  four  through  a  series  of 
modest  hardware  upgrades.  New  final  focus  optics 
introduced  in  1997  combined  with  permanent  magnet 
octupoles  have  reduced  the  contribution  to  the  final  beam 
size  due  to  higher  order  aberrations.  The  minimum  betas 
achievable  at  the  IP  are  presently  limited  by  the  increase 
in  detector  backgrounds  as  the  beam  is  focused  more 
strongly.  By  moving  the  final  quadruples  closer  to  the 
interaction  point  (IP),  one  can  reduce  the  synchrotron 
radiation  background  while  decreasing  the  IP  betas.  Other 
upgrades  include  increasing  the  bending  radius  in  the 
final  focus  to  minimize  emittance  dilutions  due  to 
synchrotron  radiation,  a  fast  feedforward  from  the  linac  to 
the  final  focus  to  cancel  trajectory  jitter,  and  a  change  in 
the  horizontal  damping  ring  partition  number  to  reduce 
the  emittance  of  the  extracted  beam.  With  these  upgrades, 
the  expected  disruption  enhancement  should  be  2.4. 

1  INTRODUCTION 

In  the  1997/98  run,  the  luminosity  of  the  SLC  was 
increased  by  a  factor  of  four  [1].  This  improvement  was 
almost  entirely  due  to  changes  in  operating  procedures 
and  to  reconfiguration  of  existing  hardware,  as  opposed  to 
costly  upgrades.  The  luminosity  increased  steadily 
throughout  the  run  reaching  a  peak  of  3*103°/cm2/sec  or  a 
rate  of  300  Z°/hour.  This  demonstrates  that  the  SLC 
remains  on  a  steep  learning  curve  and  can  continue  to 
provide  valuable  experience  on  the  physics  and  operation 
of  linear  colliders.  Based  on  the  knowledge  gained  in  the 
last  run,  SLC/SLD  have  proposed  another  factor  of  three 
to  four  increase  in  the  luminosity  with  modest  hardware 
changes  [2].  These  include  moving  the  final  triplets  closer 
to  the  interaction  point  (IP)  in  order  to  reduce 
backgrounds  and  allow  higher  angular  divergence,  a 
feedforward  system  from  the  linac  to  the  IP  to  correct 
transverse  jitter,  and  a  number  of  smaller  improvements 
to  further  reduce  the  beam  emittance.  Current  research  on 
higher  polarization  photocathodes  could  also  potentially 
provide  polarization  in  excess  of  85%.  The  higher 
polarization  together  with  an  average  luminosity  of 
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25-50,000  Z°s  per  week  would  support  a  significant 
physics  program  for  SLD.  These  improvements  would 
also  allow  the  SLC  to  finally  reach  or  surpass  design 
luminosity. 


Figure  1:  History  of  SLC  luminosity  from  1989  through 
1998.  Bar  at  left  shows  design  luminosity.  Bar  at  right 
shows  expected  luminosity  with  upgrades. 

2  FINAL  FOCUS  MODIFICATIONS 

With  the  installation  of  octupoles  in  the  final  focus  in 
early  1998,  the  minimum  beam  size  achievable  at  the  IP 
is  no  longer  limited  by  higher  order  aberrations.  The 
operational  performance  is  determined  by  the  maximum 
angular  divergence  that  can  be  sustained  without  causing 
excessive  backgrounds  in  the  detector.  The  primary 
source  of  background  is  synchrotron  radiation  emitted  by 
the  beam  in  the  final  triplet  of  superconducting 
quadrupoles  which  scatters  into  the  detector.  This  can  be 
greatly  reduced  by  moving  these  magnets  closer  to  the  IP 
and  increasing  the  field  of  the  first  quadrupole  of  each 
triplet.  In  this  configuration,  the  clearance  across  the 
triplet  would  be  increased  by  20-30%  in  both  planes.  In 
addition,  the  synchrotron  radiation  swath  would  have  a 
much  shorter  lever  arm  and  exit  more  cleanly.  This  would 
allow  operation  with  more  optimal  angular  divergences  of 
600  by  280  microradians,  an  increase  of  25%  in  the 
horizontal  and  20%  in  the  vertical.  With  the  resulting 
smaller  beam  sizes  and  additional  disruption 
enhancement,  the  expected  increase  in  luminosity  from 
this  modification  alone  is  about  70%. 

The  mechanical  modifications  required  to  move  the 
triplets  71  cm  closer  to  the  IP  are  straightforward.  One 
radiation  shielding  mask  and  the  beam  position  monitor 
between  the  triplet  and  the  IP  would  be  removed,  and  the 
monitor  reinstalled  upstream.  Turtle  ray  traces  indicate 
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that  in  the  new  configuration,  the  mask  to  be  removed  is 
no  longer  critical  and,  if  desireable,  additional  masking 
could  be  installed  inside  the  triplets.  The  choice  of  71  cm 
allows  the  SLD  luminosity  monitors  to  remain  without 
modification  although  their  electronics  would  need  to  be 
relocated. 


Figure  2:  Horizontal  beam  size  vs  angular  divergence  at 
the  SLC  IP  showing  the  reduction  in  beam  size  with 
increased  divergence.  The  upper  curves  are  for  the  1996 
optics,  calculated  using  the  RMS  beam  size  (solid)  and 
correct  luminosity-weighted  effective  beam  size  (dashed). 
The  lower  curve  (dot-dashed)  is  for  the  1998  optics. 

To  take  full  advantage  of  the  increased  angular 
divergence  and  produce  the  smallest  possible  beams  at  the 
IP,  it  would  also  be  desirable  to  reduce  the  residual 
aberrations  due  to  synchrotron  radiation  from  the  bends  in 
the  chromatic  correction  section  (CCS)  of  the  final  focus. 
A  softened  bend  configuration  was  partially  implemented 
at  the  end  of  1997  using  offset  quadrupoles  and  steering 
dipoles.  The  radius  of  curvature  can  be  further  increased 
by  adding  more  bend  magnets  in  the  CCS  using  existing 
magnets  which  are  available  and  spare  power  supply 
channels.  The  expected  luminosity  increase  from  both 
final  focus  upgrades  is  120%,  including  disruption. 

3  LINAC-IP  FEEDFORWARD 

During  present  operation,  transverse  beam  jitter  is 
typically  20-40%  of  the  beam  size  in  the  linac  which 
causes  a  significant  increase  in  the  effective  emittance. 
This  can  be  reduced  by  a  system  to  measure  the  beam 
trajectory  at  the  end  of  the  linac  and  correct  it  with  fast 
kickers  near  the  IP.  It  is  possible  to  make  a  correction  on 
the  same  pulse  by  taking  advantage  of  the  shorter 
communication  path  directly  to  the  collider  hall  rather 
than  the  longer  path  followed  by  the  beams  around  the 
arcs.  Such  a  system  was  considered  for  the  SLC  several 
years  ago  and  a  similar  system  is  under  study  for  the 
NLC.  Either  a  simple  microwave  or  optical  link  would  be 
used  to  send  a  fast  signal  to  the  collider  hall.  A  digital 


signal  processor  would  calculate  the  necessary  corrections 
from  position  monitor  data  in  the  linac.  Since  the 
deflecting  field  needed  is  small,  existing  position 
monitors  can  be  used  as  simple  stripline  kickers,  driven 
by  solid-state  electronic  pulsers. 

An  added  benefit  of  reducing  the  sensitivity  to  jitter  is 
the  possibility  of  using  a  better  linac  lattice.  The  present 
lattice  is  a  compromise  between  jitter  control  and 
chromatic  emittance  dilution.  Reduced  transverse  jitter 
would  also  improve  the  resolution  of  the  final 
optimization  of  the  beams  at  the  IP.  The  proposed 
feedforward  system  should  increase  the  luminosity  by 
about  30%,  assuming  a  60-80%  reduction  in  the  present 
jitter. 

4  EMITTANCE  REDUCTION 

Several  smaller  upgrades  wouid  reduce  the  emittance  of 
the  beams  at  the  end  of  the  linac  by  15-20%  in  X  and  Y 
for  both  electrons  and  positrons.  These  include  an  RF 
frequency  shift  to  reduce  the  emittance  from  the  damping 
rings,  bellows  shields  in  the  ring  to  linac  transfer  lines 
(RTL)  and  additional  independent  supplies  for  a  few  RTL 
magnets.  Improved  feedback  and  steering  methods  would 
allow  better  optimization  and  stabilization  of  the  linac 
orbits.  Together  these  should  increase  the  luminosity  by 
50-75%  taking  into  account  the  additional  disruption 
enhancement. 


Figure  3:  By  changing  the  frequency  in  mid  store  the 
emittance  extracted  from  the  damping  ring  can  be 
reduced  by  up  to  25%.  The  normalized  beam  emittance  is 
plotted  as  a  function  of  store  time  in  ms  for  different 
frequency  shifts  (25,50,100,150  kHz). 

In  the  damping  rings,  the  horizontal  damping  time  and 
equilibrium  emittance  can  be  reduced  by  increasing  the 
horizontal  partition  number  [3],  This  can  be  accomplished 
by  modifying  ,the  closed  orbit  to  go  off-axis  through  the 
quadrupoles  in  dispersive  regions.  To  shift  the  orbit,  one 
can  either  physically  displace  the  magnets  or  change  the 
accelerating  frequency.  A  mid-store  frequency  shift 
allows  full  aperture  for  injection  while  reducing  the 
emittance.  This  has  been  tested  in  the  both  damping  rings 
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Table  1 :  Parameters  and  Luminosity 


1998 

parameters 

Final  Focus 
improvements 
only 

Emittance 

improvements 

only 

1 

4.0*1010 

4.0*1010 

4.0*1010 

4.0*1010 

ex1* 

(10-5  m-rad) 

5.5 

5.5 

4.5 

4.5 

ESM 

0.9 

0.9 

0.7 

0.7 

,f"  «£>•  ’ 

SI 

470 

600 

470 

560 

e*v 

(|irad) 

240 

280 

240 

260 

axIP 

(pm) 

1.5 

1.1 

1.3 

1.0 

GVIP 

(pm) 

0.65 

0.50 

0.55 

0.40 

Zn 

(Z/hr) 

10 

18 

15 

26 

Hd 

1.9 

2.2 

2.3 

2.4 

300 

630 

550 

1000 

2.8*1030 

5.8*1030 

5.1  *  1030 

9.3*1030 

Table  1:  Comparison  of  1998  parameters  and  luminosity  with  those  projected  from  the  different  upgrades.  Column  1 
lists  recent  operating  parameters  from  the  1997-98  run.  Column  2  shows  the  improvement  from  moving  the  final 
triplets  closer  to  the  IP  and  softening  the  FF  bend  radius.  Column  3  shows  the  impact  of  emittance  reduction  in  the 
damping  rings  and  linac  without  the  FF  upgrades.  Column  4  contains  projected  parameters  with  all  upgrades. 


and  a  15%  decrease  in  the  horizontal  emittance  was 
measured  for  e+  and  a  10%  decrease  for  e\ 

Two  modifications  are  planned  for  the  transfer  lines 
(RTLs).  A  new  optics  was  installed  in  1997  to  reduce  the 
beam  size  in  tight  apertures  where  there  were  losses. 
Independent  power  supplies  for  a  few  quadrupoles  near 
the  end  of  the  RTL  would  be  added  to  allow  the 
flexibility  to  further  improve  the  optics.  Wakefields  from 
the  bellows  were  identified  as  a  source  of  emittance 
growth  and  some  of  the  RTL  bellows  were  shielded 
during  the  1997-8  run.  This  reduced  the  positron  vertical 
emittance  by  almost  50%.  Shields  should  be  installed  for 
the  rest  of  the  RTL  bellows.  With  these  improvements 
one  can  expect  a  10%  decrease  in  the  horizontal 
emittance  of  both  beams,  a  20%  decrease  in  the  electron 
vertical  emittance,  and  about  a  5%  increase  in  throughput. 

5  HIGHER  POLARIZATION 

The  strained-layer  GaAs/GaAsP  photocathodes  used  in 
the  SLC  electron  source  until  1998  resulted  in 
polarizations  in  the  range  of  76-80%  while  maintaining 
full  SLC  intensity.  In  principle  such  cathodes  should 
produce  polarizations  >90%  [4],  SLAC  has  an  active 
photocathode  research  program  with  the  short-term  goal 
of  raising  the  polarization  to  a  value  of  over  85%.  The 
two  most  promising  directions  are  the  further 
optimization  of  the  strained-layer  structure  and  the 
development  of  the  superlattice  structure.  Thinner 
epilayers  and  gradient  doping  (lower  dopant  density  in 
the  bulk,  higher  in  the  final  few  nanometers  at  the 


surface)  should  help  in  the  former  case.  Rapid  advances 
in  understanding  the  properties  of  superlattice  structures 
combined  with  the  larger  number  of  adjustable 
parameters  point  to  the  strained  superlattice  as  the 
strongest  candidate  for  the  future  although  the  total  effort 
to  optimize  is  expected  to  be  greater  [5],  Both  directions 
are  being  investigated. 

6  SUMMARY 

A  series  of  modest  hardware  upgrades  have  been 
proposed  which  would  increase  the  luminosity  of  the  SLC 
by  up  to  a  factor  of  4  to  nearly  103,/cm2/sec.  This  is 
significantly  above  the  original  design  luminosity  of 
6*1030/cm2/sec.  In  this  parameter  regime,  the  disruption 
enhancement  should  be  2.4,  implying  that  nearly  60%  of 
the  total  luminosity  is  due  to  disruption. 
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Abstract 

The  Two-Beam  Accelerator  (TBA)  concept  is  currently 
being  investigated  both  at  Lawrence  Berkeley  National 
Laboratory  (LBNL)  and  at  CERN.  As  part  of  this 
program,  a  7  MeV,  1-kA  electron  beam  produced  by  the 
PIVAIR  accelerator  at  CESTA  has  been  used  to  power  a 
free  electron  laser  (FEL)  amplifier  at  35  GHz.  At  the  FEL 
exit,  the  bunched  electron  beam  is  transported  and 
focused  into  a  resonant  cavity  built  by  the  CLIC  group  at 
CERN.  The  power  and  frequency  of  the  microwave 
output  generated  when  the  bunched  beam  traverses  two 
different  cavities  are  measured. 

1  INTRODUCTION 

In  order  to  attain  linear  collider  energies  of  order  1  TeV, 
it  is  desirable  to  develop  efficient  high-power  microwave 
sources  operating  in  the  frequency  range  of  10-30  GHz, 
or  even  higher.  In  this  context,  the  TBA  [1]  is  being 
studied  both  at  LBNL  with  the  11.4-GHz  prototype  RTA 
[2]  and  at  CERN  with  the  Compact  Linear  Collider 
(CLIC)  project  at  30  GHz  [3].  In  the  TBA,  the  intense 
low-energy  electron  drive  beam  is  bunched  at  the  desired 
operating  frequency  and,  upon  passing  through  resonant 
cavities,  it  generates  RF  power  to  drive  the  high  gradient 
accelerating  structures  of  the  main  beam.  An  important 
issue  of  the  TBA  concerns  the  production  of  the  bunched 
drive  beam.  At  CESTA  we  have  been  studvins  the  use  of 

♦Work  in  the  U.S.  was  performed  under  the  auspices  of  the  U.S. 

Department  of  Energy  under  contracts  AC03-76SF00098  (LBNL)  and 
W-7405-ENG-48  (LLNL). 


a  FEL  as  a  possible  source  of  an  intense  bunched  beam. 
We  have  observed  and  characterized  the  bunching  which 
occurs  in  an  induction  linac-driven  FEL  both  in  amplifier 
[4]  and  in  Self  Amplified  Spontaneous  Emission  (SASE) 
modes  [5],  We  report  here  on  the  recent  results  of  an 
experiment  which  used  the  PIVAIR  induction  linac.  Two 
resonant  cavities  designed  by  LBNL  and  built  by  CERN 
have  been  tested  with  the  bunched  beam  exiting  the 
wiggler  of  a  35  GHz  amplifier.  We  describe  here  the 
results  of  this  experiment. 

2  EXPERIMENTAL  SET  UP 

2.1  The  PIVAIR  induction  linac 

PIVAIR  is  the  prototype  of  the  AIRIX  accelerator  which 
is  under  construction  in  France  for  flash  X-ray 
radiography  [6].  The  injector,  developed  by  Pulse 
Sciences  Inc.  (PSI),  delivers  a  single-shot,  3.6  MeV,  3 
kA,  60  ns  FWHM  electron  beam.  The  beam  is 
subsequently  accelerated  to  7  MeV  by  16  induction  cells. 
The  first  8  cells  use  rexolite  gap  insulators  and  are  fed  by 
180  kV  pulses  coming  from  4  external  high  voltage 
generators.  The  last  8  cells,  working  under  vacuum  with 
no  gap  insulators,  are  less  sensitive  to  breakdown 
problems  and  are  driven  by  240  kV  pulses.  Inside  each 
cell-block  there  are  a  solenoid  and  two  steerers  which  are 
used  to  transport  the  beam  to  the  accelerator  exit.  Beam 
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Position  Monitors  are  installed  every  4  induction  blocks 
in  order  to  monitor  beam  current  and  centroid  position. 
PIVAIR  has  an  excellent  shot-to-shot  reproducibility.  The 
normalized  edge  emittance  at  the  injector  exit  is  1000 
it.mm.mrad  and  the  energy  spread  is  less  than  1%  over  60 
ns. 


Figure  1:  Layout  of  the  experiment. 

2.2  The  FEL  experiment 

In  figure  1,  we  show  the  overall  experiment  and  Table  1 
gives  the  main  FEL  parameters,  PIVAIR  is  schematized 
at  left.  Immediately  after  the  accelerator  exit  a  current 
filter  is  used  to  reduce  the  beam  current  to  1  kA.  Then, 
two  solenoids  match  the  beam  into  the  pulsed  helical 
wiggler  of  the  FEL.  A  35  GHz  electromagnetic  signal, 
produced  by  a  magnetron,  is  injected  into  the  wiggler  and 
is  amplified  in  the  wiggler  by  the  electron  beam.  As  a 
consequence  of  the  FEL  mechanism,  the  beam  bunches 
during  its  passage  through  the  wiggler.  A  suitable 
magnetic  profile  at  the  wiggler  entrance  is  necessary  to 
obtain  an  adiabatic  injection  giving  rise  to  the  correct 
trajectories  in  the  wiggler.  Similarly,  an  adiabatic  exit  is 
needed  to  extract  the  beam  from  the  wiggler  on  the  axis. 
Upon  leaving  the  FEL,  the  bunched  beam  is  focused  by  a 
set  of  4  thick  coils  which  generate  a  magnetic  field  up  to 
2700  G  in  order  to  produce  a  narrow  beam  waist  at  the 
position  of  the  RF  cavity.  The  coils  can  be  moved  along 
the  longitudinal  axis  to  optimize  the  waist  size.  The  latter 
is  measured  by  the  Cerenkov  diagnostic  and  it  must  be  as 
small  as  possible.  Alignment  is  very  critical  and  can  be 
changed  by  moving  the  coils  transversely  or  by  tilting 
them.  First,  we  use  a  dummy  which  simulates  the  cavity 
longitudinal  dimensions.  It  permits  us  to  adjust  beam 
alignment  by  measuring  the  transmitted  current.  The  FEL 
signal  is  deflected  out  of  beam  line  by  a  wire  mesh.  FEL 
power  and  frequency  measurements  are  performed  using 


standard  Ka-band  waveguides,  horns,  attenuators  and 
calibrated  Shottky  diodes.  Rogowski  coils  are  used  to 
measure  the  beam  current  at  different  axial  positions. 
Beam  size  and  position  are  obtained  by  a  gated  camera 
which  collects  a  small  part  of  the  Cerenkov  emission 
produced  when  the  beam  passes  trough  a  aluminized- 
mylar  target.  A  fast  streak  camera  is  used  to  measure 
beam  bunching. 


Table  1 :  Main  FEL  parameters 


Beam  energy 

7  MeV 

Beam  current 

1  kA 

Wiggler  period 

20  cm 

Wiggler  length 

640  cm 

Wiggler  resonant  field 

1650  G 

Beam  pipe  radius 

19  mm 

Frequency 

35.04  GHz 

Input  power 

5  kW 

2.3  The  cavities 

Two  pill-box  cavities  of  length  1  mm,  were  designed  by 
LBNL  and  built  by  CERN  (figure  2).  The  internal 
diameter  of  the  11  mm-long  pipe  where  the  beam 
propagates  in  is  4  mm.  In  order  to  match  to  the  main  38 
mm  internal  diameter  beam  pipe,  a  smooth  tapering  in 
radius  was  necessary. 


Figure  2:  Drawing  of  the  35  GHz  pill-box  cavity  support 

The  two  cavities  differ  mainly  by  the  size  of  their  output 
ports.  The  port  is  attached  to  a  connecting  waveguide 
which  is  expanded  to  mate  with  standard  WR28 
rectangular  guide.  Their  resonant  frequencies  and  Q 
values  are  different  in  order  to  obtain  two  couplings  [7]. 
The  low-Q  cavity  has  a  radius  of  3.92  mm  whereas  the 
medium-Q  cavity  has  a  radius  of  3.8  mm.  The  latter  is 
slightly  detuned  from  35  GHz  in  order  to  study  the  effects 
of  the  detuning  on  the  output  power  as  well  as  on  the 
beam  bunching. 
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3  EXPERIMENTAL  RESULTS 


Figure  3:  Example  of  the  output  signal  from  the  low-Q 
tuned  cavity  and  the  coresponding  FEL  power 


The  injected  RF  signal  coming  from  the  magnetron  was 
amplified  by  the  FEL  up  to  100  MW  at  a  measured 
frequency  of  35.04  GHz.  An  important  beam  loss 
occurred  in  the  wiggler.  The  Rogowski  coil  at  the  wiggler 
exit  gives  a  value  of  about  300  A  when  800  A  are 
measured  at  the  wiggler  entrance.  Nevertheless,  the 
bunched  beam  was  extracted  from  the  adiabatic  exit  and 
focused  to  a  8-mm  diameter  waist  by  the  four-coil 
module  running  at  its  maximum  current  of  200  A.  Since 
the  aperture  of  the  cavities  is  only  4  mm,  an  additional 
loss  of  beam  current  occured  when  introducing  the  beam. 
In  figure  3,  we  display  the  output  power  from  the  low-Q 
cavity  as  well  as  the  corresponding  FEL  signal.  A 
microwave  signal  with  a  peak  power  of  12  MW  was 
obtained  in  the  output  port  of  the  cavity,  whose  frequency 
coincides,  within  errors,  with  that  of  the  magnetron.  With 
the  medium-Q  cavity,  slightly  detuned  in  frequency,  the 
measured  power  is  of  order  700  kW  at  35.6  GHz  as 
shown  in  figure  4.  In  general  the  current  value  10-cm 
upstream  from  the  cavity  is  250  ±  30  A,  while  at  the  exit 
the  current  is  120  ±  20  A. 

The  output  power  in  the  detuned  cavity  is  less  than  what 
we  obtained  with  the  tuned  cavity,  as  predicted  by  by  the 
simulations  [7],  The  measurements  of  the  frequency  of 
the  signals  exiting  the  cavities  are  in  very  good  agreement 
with  the  measurements  of  their  "cold"  resonances  (35.2 
GHz  for  the  low-Q  and  35.7  GHz  for  the  medium-Q) 
which  were  obtained  without  the  presence  of  the  electron 
beam  by  using  a  network  analyzer. 


Time  (ns) 

Figure  4:  Example  of  the  output  signal  from  the  medium- 
Q  detuned  cavity  and  the  coresponding  FEL  power 

time,  we  have  not  finished  analyzing  all  the  data  but 
we 

believe  that  an  improved  version  of  our  experiment 
would  be  able  to  achieve  a  net  increase  of  the  output 
power  from  the  cavity. 
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4  CONCLUSION 

We  have  described  here  the  results  of  an  experiment 
which  constitutes  a  first  proof  of  principle  of  microwave 
power  extraction  from  a  bunched  electron  beam  in  simple 
a  high  frequency  RF-cavity  working  at  35  GHz.  At  this 
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Abstract 

The  creation  of  the  drive  beam  remains  one  of  the  most 
challenging  technical  endeavours  in  constructing 
two-beam  accelerators.  We  have  begun  testing  the 
1.2-kA,  1.0-MeV  electron  induction  injector  for  the  RTA 
experiment.  The  electron  source  is  a  3.5-inch  diameter, 
thermionic,  flat-surface  cathode  with  a  maximum  shroud 
field  stress  of  approximately  165  kV/cm.  The  pulse 
length  of  the  injector  is  approximately  250  ns,  with  a 
120-ns  flattop  region.  We  report  here  measurements  of 
the  pulsed  power  system  performance,  beam  voltage  and 
current.  Plans  to  measure  the  emittance  and  current 
density  profile  are  discussed. 

1  INTRODUCTION 

Induction  accelerators  are  a  unique  source  for  high 
current,  high-brightness,  electron  beams.  A  collaboration 
between  the  Lawrence  Livermore  National  Laboratory 
(LLNL)  and  Lawrence  Berkeley  National  Laboratory 
(LBNL)  has  been  studying  rf  power  sources  based  on  the 
Relativistic  Klystron  Two-Beam  Accelerator  (RK-TBA) 
concept  for  several  years  [1],  [2].  A  major  technical 
challenge  to  the  successful  operation  of  a  full  scale 
RK-TBA  is  the  transport  of  the  electron  beam  through 
several  hundred  meters  of  narrow  aperture  microwave 
extraction  structures  and  induction  accelerator  cells. 
Demanding  beam  parameters  are  required  of  the  electron 
source,  an  induction  injector,  to  achieve  the  transport 
goals.  A  test  facility,  called  the  RTA,  has  been 
established  at  LBNL  [3]  to  verify  the  analysis  used  in  the 
design  study.  The  primary  effort  of  the  facility  is  the 
construction  of  a  prototype  RK-TBA  subunit  that  will 
permit  the  study  of  technical  issues,  system  efficiencies, 


and  costing.  In  this  paper,  we  will  discuss  the 
development  of  the  RTA  electron  source  and  it’s  pulsed 
power  system,  which  has  recently  been  constructed  and 
is  now  undergoing  testing.  For  this  paper,  the  RTA 
injector  refers  only  to  the  1-MV  gun  and  does  not  include 
the  planned  1.8-MV  accelerator  section. 

2  RTA  INJECTOR 

A  major  part  of  our  effort  during  the  past  year  has  been 
towards  the  design  and  construction  of  an  electron  source 
with  much  lower  emittance  than  typical  induction 
injectors.  The  electron  source  will  be  a  3.5”-diameter, 
thermionic,  flat-surface  W-type  cathode  with  a  maximum 
shroud  field  stress  of  approximately  165  kV/cm.  An 
emission  density  of  20  A/cm2  is  required  from  the 
cathode  to  produce  1.2  kA  beam.  The  RTA  injector, 
depicted  in  Fig.  1 ,  has  72  induction  cores,  each  driven  at 
14  kV.  The  voltage  across  the  A-K  gap  is  1  MV.  The 
cores  are  segmented  radially  to  reduce  the  individual 
aspect  (Ar/Az)  ratio.  The  lower  aspect  ratio  reduces  the 
variation  in  core  impedance  during  the  voltage  pulse 
simplifying  the  pulse  forming  network  (PFN)  design. 
Fig.  2  is  a  photograph  of  the  injector,  shielded  hall  and 
electrical  racks. 

High-voltage  tests  (no  beam)  to  full  operational 
parameters  have  been  successfully  completed  on  the 
injector.  In  operation,  a  500  kV  potential  is  developed 
across  the  two  30-cm-ID  PYREX  [4]  insulators 
producing  a  5.1  kV/cm  average  gradient  along  the 
insulator.  The  maximum  field  at  the  triple  points,  the 
intersection  of  insulator,  vacuum,  and  metal,  is  designed 
to  be  less  than  3.5  kV/cm.  Maximum  surface  field  in  the 
cathode  half  of  the  injector  electrode  is  about  85  kV/cm. 
The  maximum  field  is  about  116  kV/cm  on  the  anode 


stalk. 


Figure  1.  Schematic  of  the  RTA  injector  depicting  the  24  3-core  cells,  electrodes,  glass  insulators,  and  solenoids. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Beam  tests  have  recently  commenced.  The  maximum 
A-K  gap  voltage  has  been  kept  below  400  kV  producing 
almost  200  A  beam  current  while  radiation  surveys, 
subsystem  checkouts,  and  cathode  studies  are  performed. 
No  electrical  breakdowns  have  been  observed  at  these 
lower  voltages.  Vacuum  can  be  maintained  in  the  high 
10*  Torr  range  with  a  cold  cathode  increasing  into  the 
low  10 7  Torr  range  during  operations.  Theoretical 
perveance  for  the  installed  A-K  gap  width  is  1.0  ppervs. 
Measured  perveance  is  •  0.84  ppervs  with  the  uncertainty 
in  the  upper  bound  due  to  the  present  voltage  calibration. 


Figure  2.  Photograph  of  the  RTA  injector  looking  from 
the  cathode  end  of  the  injector  down  the  beamline. 


Initial  beam  focusing  in  the  injector  is  accomplished 
by  three  large-bore  air-core  solenoids  installed  on  the 
central  pumping  spool.  The  first  solenoid  is  operated  to 
null  the  magnetic  field  from  the  other  solenoids  at  the 
cathode  front  surface.  There  are  seven  smaller  solenoids 
located  within  the  anode  stalk  to  provide  additional 
focusing  to  transport  the  beam  to  the  end  of  the  injector. 

3  PULSED  POWER  SYSTEM 

The  injector’s  pulsed  power  system  consists  of  a  20-kV 
High-Voltage  Power  Supply,  6-kJ  Energy  Storage  Bank, 
two  Command  Resonant  Charging  (CRC)  Chassis,  24 
Switched  Pulse  Forming  Networks,  and  four  Induction 
Core  Reset  Pulsers.  Each  PFN  drives  a  single  3-core 
induction  cell  of  the  injector. 

Segmenting  the  core  in  the  induction  cell  and  driving 
the  individual  core  segments  avoids  a  high-voltage  step- 
up  transformer.  This  reduces  the  developmental  effort 
needed  to  achieve  a  "good"  flattop  pulse  (minimal  energy 
variation)  with  fast  risetime  and  improves  the  efficiency 
of  the  overall  pulsed  power  system.  Our  system  of  low- 
voltage  PFNs  driving  multiple  core  induction  cells  is 
similar  to  the  system  envisioned  for  the  extraction 
section  in  the  full-scale  RK-TBA  design.  For  the  injector 
core  material,  we  choose  20-pm-thick  2605SC 
METGLAS  [5],  For  the  RTA  extraction  section  we  will 


use  a  lower  loss  27  MAS  METGLAS  for  the  induction 
cores. 

Design  of  the  switched  PFNs  follows  easily  from 
published  METGLAS  core  loss  data  [6].  A  flux  swing  of 
2.6  T  in  400  ns  (FWHM)  results  in  a  magnetization  rate 
of  6.5  T/ps  for  the  injector  cores.  This  rate  generates  a 
loss  density  of  1 800  J/m3,  or  a  30  J  lost  in  a  3-core  cell 
with  16.7xl03  cm3  of  2605SC  METGLAS.  For  an  input 
voltage  of  14  kV  applied  for  400  ns,  these  losses  require 
that  5900  A  be  supplied  to  the  cell.  An  additional  3600  A 
is  required  to  supply  beam  current  (1200  A  x 
3  cores/cell),  resulting  in  a  total  current  of  9  kA.  The 
required  drive  impedance  for  a  cell  is  then  1 .5  Q. 

Achieving  the  fast  risetime  necessary  to  minimise  the 
volt-seconds  required  for  the  injector  cores  presented  a 
challenge.  Budget  constraints  coupled  with  the  large 
availability  of  EEV  CXI 53 8  thyratrons  from  the  ATA 
program  at  LLNL  made  these  tubes  an  attractive  option. 
However,  their  poor  time  rate  of  current  change  (4  kA/ps 
rating)  made  them  questionable  for  this  application, 
which  requires  about  40  kA/ps.  A  variety  of  techniques 
were  tried  to  decrease  the  risetime.  Each  thyratron  is 
located  between  two  current  sheets  connecting  the  PFN 
output  to  the  output  cables  to  reduce  the  stray  circuit 
inductance.  In  addition,  the  thyratron  ionization  time  is 
substantially  reduced  by  applying  a  1-2  A  pre-pulse  to 
the  keep-alive  grid  300-400  ns  prior  to  the  arrival  of  the 
main  control-grid  pulse.  We  presently  have  risetimes  less 
than  150  ns  for  all  24  cells.  Since  the  thyratron  turn-on 
time  is  voltage  dependent,  we  are  adjusting  the  trigger 
time  of  each  individual  tube.  Faster  risetimes  were 
achieved  with  Triton  F-130  ceramic  thyratrons.  An 
upgrade  of  the  current  thyratrons  in  the  injector  pulsed 
power  system  should  allow  us  to  achieve  the  design 
100-ns  risetime. 

At  the  1-MV,  1.2-kA  operating  conditions  we  hope  to 
produce  a  ±1%  injector  voltage  flat  waveform  for  120 
ns.  We  will  need  to  adjust  the  number  of  turns  in 
appropriate  sections  of  individual  PFNs  to  achieve  this 
goal.  Insertion  of  ferrite  material  in  the  center  of  the 
inductors  coils  will  allow  additional  small  corrections  to 
the  waveform.  There  are  24  EEV  CX1538  thyratrons 
used  in  the  pulsed  power  system  for  the  injector. 

4  RTA  INJECTOR  DIAGNOSTICS 

A  variety  of  diagnostics  will  be  used  to  determine  the 
performance  of  the  injector,  both  permanently  installed 
monitors  for  general  operations  and  temporary 
diagnostics  specific  to  injector  commissioning  and 
troubleshooting. 

4. 1  Current  Measurements 

An  accurate  measurement  of  the  emitted  current  from  the 
cathode  is  required  both  for  determining  the  performance 
of  the  injector  and  benchmarking  codes.  We  have 
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electrically  isolated  the  cathode  from  the  stalk,  forcing 
the  current  to  flow  through  several  parallel,  0.25  inch 
wide,  strips  of  2 5 -pm  thick  stainless  steel  foil  that  act  as 
current- viewing  resistors  (CVRs).  The  potential  drop 
across  the  foil  is  measured  and  the  current  inferred.  To 
improve  the  time  response  a  parallel-strip  shunt 
geometry  is  used  where  the  foil  is  folded  on  itself  to 
increase  the  resistance  while  lowering  the  series 
inductance.  The  beam  dump  is  also  electrically  isolated 
similar  to  the  cathode  to  allow  the  measurement  of  the 
total  current  deposited  in  the  dump.  Four  CVRs,  equally 
spaced  azimuthally  around  the  dump,  are  summed. 

A  resistive  wall  current  monitor  is  located 
immediately  following  the  injector.  This  monitor 
measures  the  potential  drop  of  the  return  wall  current 
across  a  known  resistance  generating  a  signal 
proportional  to  the  current.  The  potential  drop  is 
measured  at  eight  locations  around  the  circumference  of 
the  beam  tube  permitting  the  measurement  of  total 
current  and  centroid  position. 

Magnetic  pickup  (B-dot)  loops  are  available  to  be 
inserted  in  the  transport  section  after  the  injector  to 
determine  the  time  derivative  of  the  current  pulse.  The 
voltage  induced  on  the  loop  can  then  be  integrated  to 
recover  the  current  and  centroid  position.  The  advantage 
of  the  B-dot  loops  over  the  other  current  diagnostics  is  a 
higher  frequency  bandwidth. 

4.2  A-K  Voltage  and  Beam  Energy 

We  are  using  two  methods  to  determine  the  A-K  voltage 
and  infer  the  beam  energy.  The  first  method  involves 
using  resistive  voltage  dividers  to  measure  the  applied 
voltage  to  the  induction  cores  at  the  power  feed 
connections.  Capacitive  dV/dt  pickup  probes  [7]  are  used 
for  a  more  direct  measurement  of  the  A-K  gap  voltage 
and  also  to  provide  greater  bandwidth  with  respect  to  the 
resistive  dividers.  We  also  hope  to  employ  a 
conventional  energy  spectrometer  comprised  of  an  on- 
axis  collimator,  dipole  magnet,  scintillator,  and  viewing 
port  to  directly  measure  the  beam  energy. 

4.3  Current  Density  Profile 

The  current  density  profile  will  be  measured  using 
Cherenkov  radiation  from  intercepting  foils.  A  primary 
concern  with  using  foils  is  possible  damage  from  beam 
energy  deposition.  Adjusting  the  repetition  rate  of  the 
injector  can  control  average  heating  of  the  foil.  The 
difficulty  is  single  shot  heating  where  material  can  be 
melted  and  ejected  before  the  heat  is  conducted  away.  To 
avoid  damage  to  a  thin  quartz  foil,  we  anticipate  that  the 
beam  diameter  must  be  greater  than  2  cm  for  a  1-kA, 
300-ns,  relativistic  electron  beam. 

The  light  generated  at  the  beam/foil  interaction  will  be 
recorded  using  both  gated  and  streak  cameras.  The  streak 
camera  will  be  used  principally  to  determine  if  the 
properties  of  the  foil  and/or  beam  change  during  the 
pulse.  The  significant  levels  of  energy  deposited  in  the 
foil  could  affect  the  dielectric  constant  or  generate  a 


surface  plasma  that  could  be  confused  as  a  variation  in 
beam  parameters. 

4.4  Emittance  Measurement 

Measuring  the  beam  emittance  is  expected  to  be  very 
difficult  as  the  beam  is  highly  space  charged  dominated. 
A  pepperpot  emittance  diagnostic  has  been  constructed. 
The  size  of  the  apertures  is  the  only  variable  for  adjusting 
the  relative  contribution  of  emittance  to  space  charge. 
For  the  designed  RTA  injector  beam  parameters,  1.2  kA, 
1  MeV  and  100  7t-mm-mr,  and  using  a  250-pm  aperture, 
the  emittance  term  for  the  beamlets  passing  through  the 
aperture  plate  is  approximately  an  order  of  magnitude 
larger  than  the  space  charge  term.  Our  aperture  plate  will 
consist  of  a  rectangular  pattern  of  121  (11x11)  250-pm 
apertures  with  7  mm  spacing  on  a  500-pm  thick  tungsten 
plate.  The  tungsten  plate  represents  about  two  range 
thickness  for  1-MeV  electrons.  The  beamlets  will  strike  a 
phosphor  coated  foil  located  about  80  cm  after  the 
aperture  and  imaged  with  a  gated  camera. 

5  SUMMARY 

Initial  beam  tests  have  commenced  on  the  RTA  injector 
generating  a  400-KeV,  200-A,  400-ns  (FWHM)  electron 
pulse.  Full  operations  (1-MV,  1-kA)  will  commence  after 
the  completion  of  radiation  surveys  and  ancillary  system 
checkouts.  Upcoming  tests  will  stress  characterization  of 
the  beam  parameters  particularly  the  emittance  and 
current  density  profile. 
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Abstract 

A  modified  scheme  of  two  beam  accelerator  (TBA)  [1] 
driver  based  on  a  linear  induction  accelerator  is  studied  in 
this  paper.  In  the  proposed  scheme  the  electron  beam 
bunching  occurs  at  a  rather  low  initial  energy  ~  1  MeV. 
The  bunched  beam  is  accelerated  in  the  accompanying 
enhanced  synchronous  microwave  that  provides  the  steady 
longitudinal  beam  bunching  along  the  whole  driver.  There 
is  no  total  microwave  power  extraction  anywhere  in  the 
driver.  A  waveguide  (initially  corrugated  and  regular 
further)  is  used  along  the  driver  [2].  The  simulation 
showed  that  a  steady  state  is  achieved  when  electron 
bunches  accompanied  after  a  TWT  by  an  amplified 
microwave  are  simultaneously  accelerated  in  an  external 
electric  field  both  for  continuously  distributed  system 
parameters  and  for  discrete  parameters  of  accelerating 
sections.  In  the  steady  state  the  whole  power,  which  is 
inserted  into  the  beam  by  the  accelerating  field, 
transforms  into  the  microwave  power.  Such  kind  of 
systems  can  serve  effectively  as  a  rather  long  (hundreds  of 
meters)  driver  for  the  TBA  concept.  The  experimental 
setup  based  on  the  JINR  LIA-3000  facility  to  test  the  new 
scheme  is  under  construction  at  present.  It  consists  of  the 
800  keV,  200  A  injector  and  two  reaccelerating  sections. 
The  first  experimental  results  of  the  beam  bunching  study 
have  been  presented. 

1  INTRODUCTION 

Some  schemes  of  the  TBA  driver  based  on  a  linear 
induction  accelerator  (LIA)  were  discussed  in  [1-5],  In 
these  schemes  the  driver  electron  beam  moves  through  an 
alternating  discrete  row  of  microwave  generators  (free 
electron  lasers  (PEL),  relativistic  klystrons,  etc.)  and 
reaccelerating  sections.  The  microwave  power  is  totally 
extracted  from  the  driver  after  every  generation  section. 
Such  kind  of  driver  was  experimentally  investigated  in 
[6],  where  the  reacceleration  of  a  modulated  with  the 
chopper  help  electron  beam  through  two  induction 
accelerator  cells  was  demonstrated.  The  continuous 
extraction  along  the  whole  driver  length  of  the  microwave 
power  was  designed  in  CLIC  [7]  and  a  corresponding 
beam  dynamics  was  studied  also  in  [8]. 

A  new  scheme  of  two  beam  accelerator  (TBA)  driver 
based  on  a  linear  induction  accelerator  is  suggested  in  this 
work.  The  scheme  is  quite  uniform  and  has  the  following 


characteristic  properties:  a)  the  electron  beam  bunching 
occurs  at  a  rather  low  -1  MeV  initial  energy;  b)  the 
bunched  beam  further  acceleration  occurs  in  the 
accompanying  enhanced  microwave  that  provides  the 
steady  longitudinal  beam  bunching  along  the  whole 
driver;  c)  there  is  no  total  microwave  power  extraction 
anywhere  in  the  driver;  d)  a  waveguide  is  used  along  the 
driver. 

The  driver  consists  of  an  injector,  buncher  and  long  (a  few 
hundreds  of  meters)  row  of  separate  LIA  sections 
producing  the  external  accelerating  electric  field  and 
partitioned  by  transition  chambers.  The  injector  produces 
the  initial  electron  beam  with  energy  1  through  2  MeV 
and  current  0.5  through  1  kA.  This  beam  is  injected  into 
the  buncher.  It  may  be  a  travelling  wave  tube  (TWT) 
working  in  the  amplification  mode.  It  was  shown  in  [8] 
that  a  high  degree  of  bunching  can  be  rather  easily 
achieved  in  the  TWT  at  the  distance  of  -  1  m.  Then  the 
electron  bunches  continue  moving  in  the  LIA  in 
accompaniment  of  the  enhanced  in  the  TWT  microwave 
and  simultaneously  are  accelerated  in  the  LIA  electric 
field.  The  microwave  power  extraction  from  the  driver 
occurs  only  in  the  transition  chambers.  The  system  attains 
the  steady  state  at  first  few  tens  of  meters  where  the  bunch 
energy  increases  up  to  the  level  of  ~  10  MeV.  Then  the 
section  of  quasi-stationary  microwave  generation  begins 
where  the  total  power,  that  the  accelerating  field  inserts 
into  the  beam,  transforms  into  the  microwave  power.  The 
scheme  has  the  following  merits:  l.The  possibility  of 
providing  the  microwave  phase  and  amplitude  stability. 
The  phase  stability  can  be  obtained  at  the  expense  of 
quasi-continuity  of  the  system.  It  means  that  only 
mechanical  tolerances  will  be  of  consequence;  2.  Due  to 
the  bunched  beam  acceleration  it  is  not  necessary  to  have 
a  high  (-10  MeV)  energy  of  the  initial  electron  beam 
bunching. 

2  SIMULATION  RESULTS 

We  have  three  characteristic  regions  of  the  driver:  1)  the 
bunching  region  with  using  of  TWT  and  without 
acceleration,  2)  transition  region  with  a  beam  acceleration 
and  3)  quasi-stationary  beam  propagation  region.  As  it 
was  shown  in  [9],  one  can  obtain  the  electron  beam 
bunching  in  a  TWT  at  a  rather  short  length  -  50  cm  for 
the  following  electron  beam  and  E0l  type  wave 
parameters: 
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electron  beam  energy  ~2.2MeV  (%  ~  5.31) 

electron  current  inside  TWT  Ib  ~  500  A 

electron  beam  radius  —  0.5  cm 

microwave  frequency  /0  =  17- 109  Hz  (A,  -1.76  cm) 
initial  microwave  power  in  TWT  10  kW 

output  microwave  power  in  TWT 
at  the  acceleration  region  entrance  13  MW. 

Without  accompanying  microwave,  the  debunching 
process  will  immediately  occur  at  (he  distance  of  about 
few  tens  of  centimeters.  The  simulation  showed  that  the 
electron  bunches  can  be  transported  at  the  distance  -  10 
m  if  the  bunch  movement  is  accompanied  by  the 
microwave  amplified  in  the  TWT.  The  most 
encouraging  situation  is  when  the  moving  after  the 
TWT  output  bunches  are  accompanied  simultaneously 
by  the  amplified  microwave  and  are  accelerated  in  the 
external  electric  field,  inside  a  corrugated  waveguide. 
The  waveguide  must  be  transparent  for  a  pulse 
accelerating  field  and  a  good  screen  for  the  microwave. 


Figure:  1  The  electron  mean  energy  versus  the  distance 
for:  1  -  continuously  distributed  driver  parameters;  2  - 
discrete  periodic  cells,  3  -  discrete  cells  with  narrow 
accelerating  gaps. 

Our  calculations  showed  that  the  bunching  process  in 
the  TWT  must  be  interrupted  some  earlier  the  moment 
when  the  bunching  parameter  B  attains  its  maximum 
value.  Then  we  have  no  particle  losses  in  our  further 
calculations  in  the  driver.  Fig.  1  shows  the  calculated 
dependence  of  the  bunch  mean  energy  y  on  the 
distance  (z  =  0  corresponds  to  the  TWT  output).  The 
dependencies  of  the  microwave  power  and  the 
bunching  parameter  B  on  the  distance  are  depicted  in 
the  Fig.  2  and  Fig.  3.  As  one  can  see  from  these  figures, 
the  steady  state  of  the  system  is  achieved  at  the  distance 
-  40  m.  The  extracted  microwave  power  in  the  steady 
state  is  equal  to  -  330  MW.  The  mean  steady  state 
bunch  energy  -  7.5  MeV.  And  at  last  we  have  rather 
high  bunching  parameter  B  =  0.9  in  the  steady  state. 
The  electron  phase  picture  (see  Fig.  4)  shows  that  an 
initial  bunch  breaks  down  on  two  main  bunches  being 
at  A  y/  =  2/T  one  from  another. 

The  power  put  into  the  electron  beam  by  external 
electric  field  is  equal  to  -  500  MW/m.  And  it  trans- 
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Figure:  2  The  microwave  power  versus  the  distance  for 
continuously  distributed  driver  parameters. 
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Figure:  3  The  bunching  parameter  versus  the  distance 
for  continuously  distributed  driver  parameters. 
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Figures:  4  and  5  The  typical  electron  phase  space 
picture  at  the  distance  of  100  m  for  continuously 
distributed  driver  parameters  and  the  microwave  power 
versus  the  distance  from  100  m  through  110  m  for 
discrete  periodic  cells. 


forms  into  the  microwave  power  in  the  steady  state. 

The  stability  of  the  steady  state  solution  with  respect  to 
the  possible  error  in  the  electron  beam  current  Ib  was 
also  investigated.  The  calculations  showed  that  we  still 
obtained  the  steady  state  solution  up  to  error  values 
5I/I~±  10%. 

A  real  LIA  always  consists  of  separate  induction 
sections  partitioned  by  transition  chambers,  so  that  it 
has  a  discrete  structure.  The  second  set  of  our 
calculations  was  performed  for  the  realistic  induction 
section  parameters.  As  a  result,  the  optimal  lengths  of 
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the  induction  sections  (/s  =  50  cm)  and  transition 
chambers  (lt  =  25  cm)  were  found.  The  microwave 
extraction  was  switched  on  only  in  the  transition 
chambers.  And  the  electric  field  Ea  was  equal  to  1.5 
MV/m  inside  the  accelerating  sections. 

The  dependence  of  the  bunch  mean  energy  on  the 
distance  is  depicted  in  the  Fig.  1  (curve  2).  One  can  see 
a  short  range  of  dependence  of  the  microwave  power 
along  the  distance  of  10  m  (from  z  =  100  m  through 
z  =  1 10  m)  in  Fig.  5. 

In  the  third  set  of  calculations  for  the  same  lengths  of 
the  accelerating  sections  and  the  transition  chambers 
the  only  difference  was  the  following:  accelerating 
potential  of  every  section  (750  kV)  was  concentrated 
only  on  the  gap  7.5  cm  long  located  at  the  beginning  of 
every  section  to  make  more  simple  waveguide  in  this 
case.  The  dependence  of  the  bunch  mean  energy  on  the 
distance  is  depicted  in  the  Fig.  1  (curve  3).  The  steady 
state  occurs  also  when  the  system  has  the  discrete 
structure.  The  bunching  parameter  B  stays  also  high 
along  the  driver  (B  =  0.9).  The  microwave  power 
amplitude  stays  rather  stable. 

3  TEST  FACILITY 

Series  of  test  experiments  are  prepared  at  JINR  to  study 
the  scheme  mentioned  above.  The  scheme  of  the 
experimental  setup  based  on  the  existing  LIA-3000 
facility  is  shown  in  Fig.  6.  It  consists  of  the  injector  and 
two  reaccelerating  sections.  At  the  injector  output  the 
electron  beam  energy  is  about  800  keV  and  the  current 
is  equal  to  200  A.  The  input  microwave  power  is  about 
of  10  kW  with  the  wave  length  of  8  mm.  Each 
reaccelerating  section  is  130  cm  long  and  gives  the 
energy  gain  of  360  keV.  The  microwave  extraction  and 
reacceleration  voltage  in  this  scheme  are  both  located 
in  the  narrow  gaps  between  accelerating  sections  each 
few  centimetres  long. 


Figure  6:  The  experimental  setup  scheme  on  the  base  of 
LIA-3000:  1)  injector  exit;  2)  magnetic  field  coils;  3) 
travelling  wave  tube;  4)  waveguide;  5)  magnetron;  6) 
magnetic  solenoid;  7)  first  accelerating  gap;  8)  linear 
induction  accelerating  sections;  9)  second  accelerating 
gap;  10)  corrugated  waveguide;  1 1)  diagnostic  chamber. 

The  fulfilled  simulation  of  the  beam  propagation, 
acceleration  and  microwave  extraction  for  the  real  LIA- 


3000  parameters  gives  that  the  extracted  microwave 
power  should  amount  by  approximately  10-15  MW  per 
gap.  The  obtained  spatial  evolution  of  the  mean  bunch 
energy  is  presented  in  Fig.  7.  Two  rapid  increases  in  the 
energy  exactly  correspond  to  the  accelerating  gaps. 
From  the  figures  one  can  see  that  the  travelling  electron 
beam  maintain  rather  high  bunching  parameter,  while 
the  beam  energy  rises  from  0.8  to  1.3  MeV. 


Length,  cm 

Figure  7:  The  electron  mean  energy  versus  the  distance 
for  LIA-3000  parameters.  Point  z  =  0  corresponds  to 
the  beginning  of  the  first  accelerating  gap  in  Fig.  6. 

The  development  of  the  electron  bunch  diagnostics  was 
carried  out  in  the  beginning  of  our  designed 
experiments  on  the  first  facility  base.  The  electron 
bunch  dimensions  were  measured  at  the  output  of  the 
FEL  oscillator  [9]  with  the  help  of  the  streak  camera 
(Fig.  8).  Sweep  duration  is  equal  to  700  ps  (50  ps/mm). 


Figure  8:  Temporal  profile  of  the  bunched  electron 
beam. 
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THE  DRIVE  BEAM  PULSE  COMPRESSION  SYSTEM  FOR 
THE  CLIC  RF  POWER  SOURCE 

R.  Corsini,  CERN,  CH-1211  Geneva  23,  Switzerland 


Abstract 

The  Compact  Linear  Collider  (CLIC)  [1]  is  a  high 
energy  (0.5  to  5  TeV)  e*  linear  collider  that  uses  a  high- 
current  electron  beam  (the  drive  beam)  for  30  GHz  RF 
power  production  by  the  Two-Beam  Acceleration  (TBA) 
method.  Recently,  a  new  cost-effective  and  efficient 
generation  scheme  for  the  drive  beam  has  been 
developed  [2,3].  A  fully-loaded  normal-conducting  linac 
operating  at  lower  frequency  (937  MHz)  generates  and 
accelerates  the  drive  beam  bunches,  and  a  compression 
system  composed  of  a  delay-line  and  two  combiner  rings 
produces  the  proper  drive  beam  time  structure  for  RF 
power  generation  in  the  drive  beam  decelerator.  In  this 
paper,  a  preliminary  design  of  the  whole  compression 
system  is  presented.  In  particular,  the  fundamental  issue 
of  preserving  the  bunch  quality  along  the  complex  is 
studied  and  its  impact  on  the  beam  parameters  and  on 
the  various  system  components  is  assessed.  A  first 
design  of  the  rings  and  delay-line  lattice,  including  path 
length  tuning  chicanes,  injection  and  extraction  regions 
is  also  presented  together  with  the  simulation  results  of 
the  beam  longitudinal  dynamics. 

1  DESCRIPTION  OF  THE  SYSTEM 

A  general  layout  of  the  bunch  train  compression  system 
is  shown  in  Figure  1.  Its  purpose  is  to  split  segments  of 
the  electron  pulse  delivered  by  the  drive  beam 
accelerator  and  later  combine  them  in  several  stages  in 
order  to  obtain  20  high-current  pulses,  each  with  32 
times  the  initial  bunch  repetition  frequency  and  current. 
The  system  acts  therefore  both  as  a  splitter  and 
compressor  as  well  as  a  frequency  multiplier. 


Figure  1:  Layout  of  the  drive  beam  compression  system 


The  drive  beam  accelerator  delivers  91  ps  long  electron 
pulses  with  a  mean  current  of  8.2  A  at  1 .23  GeV.  Each 
pulse  is  obtained  by  the  combination  at  low  energy  of 
640  bunch  trains,  143  ns  long,  whose  flat-top  bunch 
charge  is  17.6  nC.  In  each  train  the  bunches  occupy 
alternatively  even  and  odd  buckets  of  the  drive  beam 
accelerator  fundamental  frequency  (937  MHz).  At  first, 
the  individual  trains  are  separated  by  a  transverse  RF 
deflector  at  the  frequency  of  468.5  MHz,  and  each 
“even”  bunch  train  is  delayed  with  respect  to  the 
following  “odd”  one  by  143  ns,  in  order  to  recombine 
them  using  a  second  RF  deflector  at  the  same  frequency. 
The  whole  device  is  called  the  “times-two  delay 
combiner”  (see  Figure  1).  After  recombination,  the  pulse 
is  composed  of  320  trains  whose  spacing  is  equal  to 
twice  the  train  length  (286  ns,  or  86  m).  The  bunches  fill 
all  the  buckets  of  the  fundamental  frequency  (320  mm 
spacing).  The  same  principle  of  electron  bunch  train 
combination  is  then  used  to  combine  the  trains  four  by 
four  in  the  first  combiner  ring,  86  m  long.  Two  937  MHz 
RF  deflectors  create  a  time-dependent  local  deformation 
of  the  equilibrium  orbit  in  the  ring.  This  bump  is  used 
for  injection  of  a  first  train  in  the  ring  (all  its  bunches 
being  deflected  by  the  second  RF  deflector  onto  the 
equilibrium  orbit).  The  ring  length  is  equal  to  the 
spacing  between  trains  plus  A/4,  where  A  is  the  spacing 
between  bunches,  equal  to  the  wavelength  of  the  RF 
deflectors.  Thus  for  each  revolution  period  the  RF  phase 
seen  by  the  bunches  circulating  in  the  ring  increases  by 
90°,  and  when  the  second  train  is  injected,  the  first  train 
does  not  see  any  deflection  and  its  bunches  are 
interleaved  with  the  ones  being  injected  (at  a  A/4 
distance).  This  is  repeated  twice,  then  the  four 
interleaved  trains  are  extracted  from  the  ring  by  an 
ejection  kicker  half  a  turn  later,  and  the  same  cycle  starts 
again.  After  the  first  combiner  ring  the  whole  pulse  is 
composed  of  80  trains.  The  train  spacing  is  equal  to 
eight  times  the  train  length  (1 144  ns  or  344  m),  while  the 
bunch  spacing  is  80  mm. 

The  trains  are  combined  again,  using  the  same 
mechanism,  in  the  second  combiner  ring,  344  m  long, 
yielding  another  factor  four  in  frequency  multiplication, 
and  obtaining  the  final  20  trains,  with  a  bunch  spacing  of 
20  mm.  The  distance  between  trains  is  now  4.576  ps  or 
1375  m,  corresponding  to  twice  the  length  of  a  drive 
beam  decelerator  section.  This  spacing  is  now  correct  to 
obtain  proper  phasing  with  the  main  beam  pulse, 
distributing  the  drive  beam  trains  along  the  decelerator 
in  the  opposite  direction  to  the  main  beam. 
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2  DESIGN  ISSUES 

The  main  problem  to  be  solved  in  the  system  is  to 
preserve  the  bunch  quality  during  the  compression.  In 
particular,  bunch  length  and  longitudinal  phase-space 
distribution  must  be  preserved  and  train  to  train,  bunch 
to  bunch  fluctuations  in  phase  and  transverse  position 
minimised.  The  rings  and  the  delay  line  must  then  be 
isochronous. 

The  final  bunch  length  must  be  short  in  order  to 
maximise  the  30  GHz  RF  power  production  efficiency  in 
the  drive  beam  decelerator.  At  present  the  aim  is  a  rms 
bunch  length  of  o'  =  0.4  mm  (94%  efficiency).  Such 
high-charge  (17.6  nC),  short  bunches  can  radiate 
coherently  a  considerable  amount  of  synchrotron 
radiation,  leading  both  to  an  average  energy  loss  of  the 
whole  bunch  and  to  an  energy  spread  within  the  bunch 
itself  [4].  The  emission  is  concentrated  at  low 
frequencies  (v  <  1/(2  a)),  and  can  be  partly  suppressed  if 
at  least  part  of  the  emitted  spectrum  is  below  cutoff  in 
the  beam  pipe  (shielding  effect),  but  a  limit  is  imposed 
by  the  necessary  beam  clearance.  Since  bunches 
belonging  to  different  trains  make  a  different  number  of 
turns  in  the  rings  (from  1/2  to  7/2),  they  will  develop 
different  energy  distributions.  This  will  cause  relative 
phase  errors  between  bunches,  bunch  lengthening  and 
phase-space  distortion  through  non-perfect  isochronicity 
of  the  delay  line  and  the  combiner  rings.  Short,  high- 
charge  bunches  will  also  interact  with  any  small 
discontinuity  of  the  beam  chamber  (e.g.,  bellows  and 
septa),  possibly  being  subject  to  longitudinal  and 
transverse  wake-fields.  It  is  therefore  highly  desirable  to 
manipulate  relatively  long  bunches  in  the  compression 
system  and  compress  them  just  before  injection  into  the 
drive  beam  decelerator  sections.  However,  too  long 
bunches  experience  a  non-uniform  kick  in  the  RF 
deflectors,  due  to  their  phase  extension,  and  the  single¬ 
bunch  emittance  can  grow.  Therefore  the  bunch  length  at 
the  exit  of  the  accelerator  is  limited  to  2  mm  rms.  The 
maximum  emittance  growth  in  this  case  is  ~  2%  (for  an 
initial  rms  normalized  emittance  of  2  xlO4  n  m  rad),  in 
the  second  combiner  ring  deflectors  (3.75  GHz).  A 
correlated  energy  spread  (-  1%  rms),  suitable  for  the 
final  bunch  compression,  is  obtained  in  the  accelerator 
by  the  combined  effect  of  RF  curvature  and  longitudinal 
wake-fields.  The  need  to  preserve  the  correlation  all 
along  the  compression  system  means  that  all  the 
distortions  of  the  longitudinal  phase  space  must  be  kept 
small.  In  particular,  attention  must  be  given  to  the  higher 
orders  of  the  path  length  dependence  on  energy  spread. 
A  numerical  analysis  has  shown  that  second  order  effects 
will  hamper  the  final  bunch  compression  and  must  be 
corrected  by  using  sextupoles  [3], 

Another  concern  is  the  beam  loading  in  the  RF 
deflectors,  especially  just  before  extraction  in  the  second 
combiner  ring,  where  the  average  current  along  the  train 
is  very  high  and  the  frequency  of  the  deflectors 


(3.75  GHz)  is  the  highest  in  the  compression  system.  In 
order  to  overcome  this  problem,  a  travelling-wave  iris- 
loaded  structures  with  a  short  filling  time  with  respect  to 
the  train  duration  has  been  chosen.  A  steady  state 
condition  is  then  reached  with  minimum  transient 
effects,  although  at  the  expenses  of  a  loss  in  deflection 
efficiency.  The  extraction  system  for  both  rings  is  also  a 
critical  item,  the  issues  being  the  high  repetition  rate 
(particularly  in  the  first  ring  -  250  kHz)  and  the 
interaction  with  the  high-current  beam  (particularly  in 
the  second  ring  -  262  A).  The  solution  adopted  for  both 
rings  is  based  on  the  use  of  travelling  TEM  wave 
transmission  line  pairs  [5], 

3  SUB-SYSTEMS  AND  COMPONENTS 

In  Table  1  and  Table  2  the  parameters  of  the  sub-systems 
are  presented.  The  lengths  of  the  rings  are  fixed  by  the 
overall  timing;  the  delay  combiner  geometry  has  been 
chosen  to  minimise  both  coherent  synchrotron  radiation 
emission  and  overall  dimensions.  One  3-bend  magnetic 
chicane  is  located  in  the  delay  line  and  one  in  each  ring 
arc.  They  are  used  for  path  length  tuning  (±  0.5  mm 
tuning  range),  in  order  to  adjust  the  bunch  relative  phase 
and  to  compensate  for  orbit  variations.  Each  chicane  is 
3.5  m  long  and  works  around  an  average  bending  angle 
00  ~  150  mrad.  The  tuning  range  is  obtained  with  a 
bending  angle  variation  A9  =1.5  mrad;  such  a  small 
value  of  A9/90  does  not  perturb  the  optics.  Each  chicane 
has  a  linear  transfer  matrix  element  R56  =  0.065. 


Table  1 :  Delay  combiner  parameters 


Length  (line  1/2) 

25/68 

m 

Bending  radius  (line  2) 

3 

m 

#  Dipoles  (line  2) 

16 

Dipole  length 

2 

m 

Dipole  Field 

1.25 

T 

Table  2:  Rings  parameters 


Ring  1 

Ring  2 

Circumference 

86 

344 

m 

Bending  radius 

3.6 

17.8 

m 

#  Cells 

4 

20 

Cell  length 

13.6 

13.6 

m 

#  Dipoles 

16 

80 

Dipole  length 

1.4 

1.4 

m 

Dipole  field 

1.1 

0.22 

T 

#  Quadruples 

52 

184 

Quadrupole  length 

0.3 

0.3 

m 

Max  quad  gradient 

14 

14 

T/m 

#  Sextupoles 

20 

84 

Sextupole  length 

0.3 

0.3 

m 

Max  sext  gradient 

26 

120 

T/m2 

Max  3-function  (h,v) 

10.3  ,  10.9 

32.6 , 16.8 

m 
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Figure  2:  Basic  isochronous  cell  lattice 

Both  the  delay  line  and  the  ring  arcs  are  based  on  the 
same  type  of  isochronous  lattice  cell  (see  Figure  2),  a 
modified  four-cell  FODO  structure  with  “missing 
magnets”  [6].  If  other  elements  in  the  lattice  (i.e.,  the 
chicanes)  have  a  small  nonzero  R56,  the  cell  can  be  tuned 
to  be  quasi-isochronous,  its  residual  R56  being  such  that 
the  sum  of  the  individual  contributions  is  zero. 

In  order  to  avoid  distortions  in  the  longitudinal  phase 
space,  all  the  arcs  are  made  isochronous  up  to  second 
order  by  the  use  of  sextupoles  placed  in  the  high- 
dispersion  regions  in  correspondence  with  the  missing 
magnets.  By  using  different  families  of  sextupoles  it  is 
possible  to  correct  the  third  order  as  well.  In  principle,  it 
should  also  be  possible  to  tune  the  path  length 
dependence  from  the  energy  spread  (the  isochronicity 
curve),  in  such  a  way  as  to  compensate  distortions  in  the 
longitudinal  phase  space  of  the  electron  bunches  due  to 
other  non-linear  effects.  The  ring  injection  is  similar  to  a 
conventional  fast  injection  scheme  based  on  a  septum 
and  a  fast  kicker,  where  the  kicker’s  role  is  taken  by  a 
RF  deflector.  Another  deflector  is  placed  upstream  of  the 
septum  (at  -n  phase  advance),  and  provides  the  pre¬ 
compensation  of  the  kick  given  by  the  injection  deflector 
to  the  circulating  bunches.  A  jc/2  phase  advance  FODO 
lattice  is  used  in  the  injection  straight  section,  with  the 
septum  and  deflectors  close  to  the  focusing  quadrupoles, 
such  that  the  angular  kick  from  the  deflector  corresponds 
to  a  maximum  displacement  in  the  septum.  All  RF 
deflectors  are  short  travelling  wave  iris-loaded 
structures,  whose  fundamental  mode  is  a  deflecting 
hybrid  mode  with  a  2rt/3  phase  advance  per  cell  and 
negative  group  velocity  [7],  The  design  is  basically  the 
same  for  all  deflectors,  with  the  dimensions  of  the  cells 
scaled  linearly  with  frequency.  They  are  made  up  of  4 
cells  at  937  MHz  and  of  10  cells  at  3.75  GHz  and 
provide  the  needed  2  mrad  deflection,  equal  in  both 
rings,  with  50  MW  and  15  MW  power  consumption, 
respectively.  The  extraction  kickers  consist  of  travelling 
TEM  wave  transmission  line  pairs  [5],  powered  in  anti¬ 
phase,  with  the  wave  moving  against  the  beam;  the 
kicker  length  is  chosen  to  be  2  m  with  a  half-aperture  of 


1.5  cm.  A  deflection  of  3  mrad  requires  a  voltage  of  1 1.3 
kV,  corresponding  to  2.6  MW  into  each  50  Q  line.  The 
kicker  filling  time  of  6  ns  remains  small  compared  with 
the  143  ns  available  rise  time.  Due  to  the  length  of  the 
extraction  kicker,  a  different  solution  is  used  for  the 
extraction  region  lattice,  based  on  matching  quadrupole 
doublets  plus  a  triplet  placed  between  the  kicker  and  the 
extraction  septum.  The  phase  advance  between  the 
kicker  and  the  septum  is  still  ~  nil,  and  the  use  of  a 
central  triplet  allows  a  rather  constant  ^-function  along 
the  kicker  to  be  obtained. 

4  BEAM  DYNAMICS 

As  mentioned  earlier,  the  preservation  of  the 
longitudinal  phase-space  of  the  bunches  is  important  in 
order  to  be  able  to  compress  them  before  injection  in  the 
drive  beam  decelerator.  The  main  sources  of  phase-space 
distortion  in  the  compressor  system  chain  are  the 
coherent  synchrotron  radiation  (CSR)  emission  and  the 
higher-order  non-isochronicity  in  the  arcs.  The  bunch 
longitudinal  dynamics  in  the  both  rings  has  been 
evaluated  taking  into  account  the  CSR  effect  with 
shielding  and  the  isochronicity  curves  for  the  arcs  after 
sextupole  correction  up  to  second  order  [3].  The  results 
are  promising;  the  final  bunch  length  after  compression 
is  smaller  than  the  target  one,  with  small  bunch  to  bunch 
variation  in  final  length  (from  340  to  360  pm  rms, 
depending  on  the  number  of  turns  in  the  rings).  The 
contribution  of  the  delay  combiner  arcs,  as  well  as  the 
non-linear  contributions  from  the  return  arcs  and  the 
final  compressor,  have  been  neglected  for  the  moment. 
Nevertheless,  these  contributions  are  smaller,  and  further 
improvement  can  be  obtained,  e.g.,  either  by  using 
different  sextupole  families  in  order  to  compensate 
nonlinearities,  or  by  adding  pulse  stretchers  and 
compressors  in  front  of  each  ring  and  optimizing  the 
bunch  length  in  each  component. 
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Abstract 

In  the  CLIC  main  linac  it  is  very  important  to  minimise 
the  trajectory  excursion  and  consequently  the  emittance 
dilution  in  order  to  obtain  the  required  luminosity.  Sev¬ 
eral  algorithms  have  been  proposed  and  lately  the  ballistic 
method  has  proved  to  be  very  effective.  The  trajectory  cor¬ 
rection  method  described  hereafter  retains  the  main  advan¬ 
tages  of  the  latter  while  adding  some  interesting  features. 
It  is  based  on  the  separation  of  the  unknown  variables  like 
the  quadrupole  misalignments,  the  offset  and  slope  of  the 
injection  straight  line  and  the  misalignments  of  the  beam 
position  monitors  (BPM).  This  is  achieved  by  referring  the 
trajectory  relatively  to  the  injection  line  and  not  to  the  av¬ 
erage  pre-alignment  line  and  by  using  two  trajectories  each 
corresponding  to  slightly  different  quadrupole  strengths.  A 
reference  straight  line  is  then  derived  onto  which  the  beam 
is  bent  by  a  kick  obtained  by  moving  the  first  quadrupole. 
The  other  quadrupoles  are  then  aligned  on  that  line.  The 
quality  of  the  correction  depends  mainly  on  the  BPM’s 
and  micro-movers’  resolution  and  on  the  stability  of  the 
quadrupole  strengths.  Simulation  statistics  show  that  the 
beam  offset  from  the  center  of  the  quadrupoles  is  typically 
1.5  nm  r.m.s. 


quadrupoles  relative  to  the  same  line.  In  the  second  step,  a 
least  square  fit  of  the  BPM  measurements  allows  a  good 
estimation  of  the  injection  parameters  and  the  definition 
of  a  reference  line  onto  which  the  quadrupoles  are  actu¬ 
ally  moved.  The  beam  is  bent  towards  this  line  by  moving 
the  first  quadrupole  of  the  section.  As  a  last  step  in  the 
correction,  the  BPMs  sitting  at  the  head  of  each  girder  are 
also  displaced  toward  the  reference  line  (by  nullifying  their 
measurements).  This  also  aligns  all  the  girders,  reducing 
the  cavity  misalignments  to  their  scattering  with  respect  to 
each  girder.  Because  the  optics  model  is  perturbed  by  the 
wakefields  and  other  imperfections,  the  correction  is  an  it¬ 
erative  process  that  rapidly  converges  [5].  Investigations 
show  that  with  acceptable  tolerances  on  the  measurement- 
and  micromover-resolution,  acquisition  noise  and  precision 
of  the  quadrupole  power  supplies,  the  ML  trajectory  correc¬ 
tion  allows  a  very  good  control  of  the  beam  offsets  with  re¬ 
spect  to  the  center  of  the  quadrupoles.  Numerical  investiga¬ 
tions  of  the  emittance  blow-up  after  the  ML  correction  will 
be  done  as  soon  as  the  algorithm  is  entirely  implemented  in 
a  tracking  program. 

2  DESCRIPTION  OF  THE  METHOD 


1  INTRODUCTION 

Two  studies  of  trajectory  correction  are  underway  for 
CLIC,  the  ballistic  alignment  method  [1]  [2]  and  the  Multi- 
step  Lining-up  (ML)  described  in  this  paper  [3]. 

The  latter  has  in  common  with  the  NLC  correction  and 
the  ballistic  method  the  idea  to  align  as  well  as  possible  the 
main  components  of  the  linac  on  a  straight  line  defined  by 
the  beam.  The  development  of  ML  is  also  based  on  the  ob¬ 
servation  that  to  align  the  quadrupoles  on  a  reference  line 
is  more  important  that  the  real  choice  and  straightness  of 
this  line,  provided  it  is  not  too  far  away  from  the  average- 
alignment  line  fixed  by  the  positions  of  the  components  re¬ 
sulting  from  the  pre-alignment.  Instead  of  switching-off 
the  quadrupoles,  the  ML  method  relies  on  a  small  change 
of  their  strengths  in  a  linac  section  and  on  measurements  of 
trajectory  differences  as  in  the  dispersion-free  correction 
[4]  although  used  otherwise.  This  has  the  advantages  of 
minimizing  the  heat-load  variations,  making  the  remanent- 
field  and  hysteresis  effects  negligible,  keeping  the  beam 
focused  and  not  too  distant  from  the  center  of  the  ele¬ 
ments  (reducing  wakefield  effects)  and  eventually  allow¬ 
ing  on-line  corrections  by  matching  the  detuned  section  to 
the  rest  of  the  linac.  Trajectories  are  referred  to  the  sec¬ 
tion  injection  line  in  order  to  make  their  differences  inde¬ 
pendent  of  the  injection  parameters.  As  a  first  step,  these 
differences  are  used  in  ML  to  estimate  the  off-sets  of  the 


The  magnetic  quadrupoles  and  the  beam  position  moni¬ 
tors  (BPM)  of  the  CLIC  main  linac  are  assumed  to  be  pre¬ 
aligned  around  an  ideal  line  referred  to  as  the  average  pre¬ 
alignment  line.  The  optics  is  a  FODO  with  a  focal  length  / 
and  a  distance  between  quadrupoles  L.  The  BPM  is  placed 
at  a  distance  l  in  front  of  the  quadrupole.  Considering  a 
section  of  N  quadrupoles,  let  6qj  and  SPti  be  the  offsets  of 
the  i-th  quadrupole  and  i-th  BPM  from  the  average  pre¬ 
alignment  line  respectively.  The  beam  entering  the  first 
quadrupole  follows  the  straight  line  defined  by  the  injection 
offset  xinj  and  slope  (see  Fig.l).  The  beam  trajectory 
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Figure  1:  Beam  trajectory  and  injection  line  with 
quadrupole  and  BPM  offsets 
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ortset  trom  tne  l-tn  UFM  center  is  given  by  the  lollowing 
expression  [3]  : 


fj  — Xinj  ^1  ^  "1"  &inj  ^  ■f'  ^  '  U-i .k 

i— 1 

"1"  ^  ^  V'i,k^q,k  ^p,i  (1) 

fc=l 

where  uiik  =  L  £*~  *  Pj,k  ~  lpi-i,k  the  pj)k  being  ob¬ 
tained  iteratively  [3].  The  coefficients  ui>k  describe  the 
beam  transport  in  the  FODO  channel  at  each  BPM  and 
only  depend  on  the  lattice  parameters  L,  l,  f.  The  BPM 
unknown  misalignments  can  be  canceled  out  by  making  the 
differences  of  two  trajectories  at  two  different  quadrupole 
strengths  as  in  the  dispersion-free  correction  [4],  The  de¬ 
terminant  of  the  resulting  underdetermined  linear  system 
is  null  because  the  coefficients  of  xinj  and  Sinj  become 
linear  combinations  of  the  coefficients  of  the  6q,k.  This 
fact  suggests  that  it  is  possible  to  make  the  coefficients  of 
the  unknown  variables  xinj  and  Sinj  of  the  expression  (1) 
independent  of  the  quadrupole  strengths  by  changing  the 
reference  system  of  the  quadrupole  offsets.  The  obvious 
choice  is  the  injection  line  itself.  The  result  obtained  from 
(1)  is: 


i— 1 

ti  =  Xinj  T-  Sinj(iL  i)  +  ^  '  Ui.k^'q.k 

k=l 


(2) 


where  dq:k  =  Sq  k  —  Xjnj  —  SinjkL.  To  get  rid  of 
both  the  BPM  offsets  SPti  and  the  injection  parameters  an¬ 
other  beam  trajectory  is  generated  by  slightly  increasing 
the  quadrupole  focal  length  (typically  5  %).  The  difference 
between  the  two  trajectories  inside  each  BPM,  one  at  the 
nominal  focal  length  fi  and  one  at  the  focal  length  f2,  is 


•  1—1 

tiifi )  -  ti(f2)  =  ^2  Kfc(/i)  -  ^Mh))  dq!k  (3) 

fe=i 


from  which  the  estimated  quadrupole  offsets  dq)k  relative 
to  the  injection  line  are  deduced.  The  estimation  errors 
£dik  —  dq,k  —  dq,k  depend  on  the  BPM  resolutions  and 
on  the  precision  of  the  quadrupole  strengths.  Subtracting 
the  estimated  contribution  of  the  quadrupole  offsets  from 
expression  (2)  a  virtual  trajectory  around  the  injection  line 
can  be  introduced : 


i— 1 

=  *i(/l)  -^2ui,k(h)dg,k  (4) 

fc=l 

i— 1 

”  Zinj  4*  Sinj{iL  ()  5 ^  ^  'Ufi,k{if'l)Ed,kt 

k=  1 

Observing  that  the  BPM  offsets  and  the  estimation  errors 
£d<k  are  randomly  distributed,  the  injection  parameters  can 
be  estimated  by  the  Least  Squares  Method.  The  refer¬ 
ence  straight  line  on  which  the  beam  should  be  directed  is 


the  straight  line  which  passes  inside  the  tirst  quadrupole 
at  the  estimated  offset  xinj  +  §injL  from  the  average 
pre-alignment  line  and  intersects  this  one  inside  the  last 
quadrupole  of  the  section.  The  beam  is  bent  in  the  direc¬ 
tion  of  the  reference  line  by  moving  the  first  quadrupole 
of  the  section  by  A9)i  =  -dq< i  +  /As  where  As  is 
the  difference  between  the  reference  and  estimated  injec¬ 
tion  slope.  The  other  quadrupoles  should  be  aligned  onto 
the  reference  line  by  displacing  them  by  the  quantities 
Aq,j  =  ~dq,i  +  A s(i  —  1  )L.  The  broken  line  followed 
by  the  beam  after  these  movements  is  different  from  the 
reference  line  as  it  is  shown  in  Fig.2.  However  it  has  been 
established  [3]  that  the  offset  Stii  of  the  beam  relative  to  the 
i-th  quadrupole  center  is  given  by 


i— 1 

Ui,k£d,k 

k=  1 

(5) 


where  the  ui  k  describe  the  beam  transport  at  each 
quadrupole  and  are  equal  to  the  mtk  for  l  =  0.  It  is  note¬ 
worthy  that  the  above-mentioned  offsets  do  not  depend  on 
the  reference  line  parameters. 


Figure  2:  Beam  trajectory  before  and  after  ML  correction 

3  CORRECTION  STRATEGY 

In  this  section,  a  correction  procedure  based  on  the  Multi- 
step  Lining-up  method  is  proposed.  As  the  result  of 
the  survey  all  the  components  of  the  linac  are  assumed 
to  be  randomly  scattered  around  the  so-called  averaged- 
prealignment  line.  Acceptable  r.m.s.  offset  amplitudes  are 
of  the  order  of  50  fjm  r.m.s.  for  both  the  quadrupoles  and 
BPM.  For  the  accelerating  structures  (cavities)  placed  on 
a  single  girder,  the  relevant  quantity  is  their  pre-alignment 
offset  with  respect  to  the  BPM  sitting  on  the  same  girder. 
This  has  to  be  within  2  and  10  fim,  r.m.s.  .  The  relative 
misalignments  between  girders  are  given  by  those  of  the 
BPMs.  For  the  first  correction  a  single  bunch  is  injected. 
Sections  of  N  quadrupoles  are  successively  dealt  with  in 
the  linac.  N  is  optimized  for  an  accurate  definition  of  the 
reference  line  and  a  good  least  squares  fit  of  the  measure- 
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ments  over  tfte  BPMs  used  to  estimate  tne  injection  param¬ 
eters.  Preliminary  modeling  shows  that  N  can  be  as  large 
as  50  or  more,  which  opens  the  way  to  a  correction  section 
which  could  in  principle  be  as  long  as  a  linac  sector,  defined 
by  the  FODO  lattice  being  constant.  The  beam  is  injected 
into  the  nominal  lattice  and  the  beam  positions  are  mea¬ 
sured  at  each  BPM.  To  gain  a  factor  10  on  the  resolution 
and  acquisition  errors,  measurements  should  be  averaged 
over  typically  100  pulses  (about  1  s).  The  beam  is  then  in¬ 
jected  into  a  lattice  only  detuned  in  the  section  considered 
and  betatron-matched  to  the  rest  of  the  linac.  The  focal  dis¬ 
tance  increment  by  ~  5  %  has  been  found  to  be  sufficient 
because  the  difference  between  the  two  trajectories  is  en¬ 
hanced  by  the  phase  advance  shift.  The  beam  positions  are 
again  measured  and  averaged  over  100  pulses. 

The  ML  algorithm  is  now  applied  following  these  steps: 

1.  Isolate  the  contribution  of  the  quadrupole  misalign¬ 
ments  by  building  up  the  differences  between  the  two 
trajectories.  Solve  the  obtained  triangular  system  of 
N  —  1  equations  and  N  —  1  unknowns  which  are  the 
quadrupole  displacements  dq<k  with  respect  to  the  in¬ 
jection  line.  Actually  the  results  will  be  estimations 
dqtk-  Restore  the  nominal  lattice  and  suppress  the 
betatron-matching. 

2.  Subtract  the  estimated  contribution  of  the  quadrupole 
misalignments  from  the  nominal  trajectory  BPM  read¬ 
ings.  Assuming  that  the  BPM  misalignments  are  ran¬ 
domly  distributed,  these  measurements  scatter  around 
the  injection  straight  line.  Estimates  of  its  offset  and 
slope  are  obtained  by  a  least  squares  fit. 

3.  Compute  the  change  of  the  slope  (kick)  that  would 
steer  the  beam  towards  the  average-prealignment  line 
by  using  the  estimated  injection  parameters.  The  ob¬ 
tained  straight  line  is  the  reference  line  on  which  the 
quadruples  should  be  aligned.  To  achieve  this,  the 
first  quadrupole  of  the  bin  should  be  displaced  in  order 
to  apply  the  computed  kick .  All  the  other  quadruples 
should  then  be  moved  in  order  to  align  them  onto  the 
reference  line. 

4.  Move  all  the  BPMs  sitting  at  the  head  of  each  girder 
to  the  reference  line,  by  nullifying  their  reading  within 
their  resolution.  This  is  a  kind  of  ’’calibration”  of  the 
measurement  system. 

Moving  the  BPMs  will  also  realign  the  girders.  The  cavity 
position  scattering  is  consequently  reduced  to  their  start¬ 
ing  pre-alignment  imperfections  on  a  single  girder.  The 
wake-field  effects  are  accordingly  decreased  limiting  the 
emittance  growth.  At  least  one  iteration  of  this  process  is 
necessary  because  the  lattice  model  used  in  the  algorithm 
does  not  include  the  wake-fields.  The  procedure  described 
here  must  be  repeated  section  after  section  over  the  whole 
linac,  before  the  full-intensity  beam  can  be  injected. 
Simulations  assume  a  BPM  resolution  of  0.1  fim,  an  ac¬ 
quisition  noise  of  0.1  //m,  a  micro-mover  resolution  of 


u.b  iim  and  a  precision  ot  the  quadrupole  strength  ot 
A///  =  5  x  10  4.  Results  indicate  that  the  reference 
line  deviation  with  respect  to  the  average  prealignment  line 
is  of  the  order  of  30  /im  r.m.s.  at  the  end  of  a  section  of 
125  m.  The  most  important  result  is  that,  although  the  ac¬ 
tual  line  followed  by  the  beam  does  not  exactly  coincide 
with  the  reference  line,  the  remaining  offsets  between  the 
beam  and  the  quadrupole-centers  (independent  of  the  initial 
pre-alignment  and  of  the  line  parameters)  is  of  the  order  of 
~  1.5  fxm  r.m.s.  (see  Fig.2). 

Turning  to  time-dependent  drifts  of  the  components  after 
the  first  correction  has  been  completed,  the  BPMs  may  be¬ 
gin  to  measure  non-zero  deviations  if  the  beam  does  not 
follow  the  change  of  the  geometry.  An  on-line,  one-to-one 
feedback  can  be  applied  in  the  case  of  smooth  displace¬ 
ments  as  in  an  ATL-model.  When  BPM  measurements  in¬ 
dicate  short-range  position  variations  or  the  beam  moving 
away  from  the  linac  component  centers,  the  ML  correction 
has  to  be  repeated. 

Considering  now  the  first  linac-section,  the  reference  line 
obtained  by  ML  can  be  used  to  correct  for  the  injection  jit¬ 
ter  while  maintaining  the  same  trajectory  over  the  rest  of 
the  linac.  For  this,  it  is  necessary  to  apply  two  correction 
kicks,  near  the  first  quadrupole  and  for  instance  near  one  in 
the  middle  of  the  section,  in  order  to  maintain  the  beam  on 
a  constant  trajectory  through  the  BPMs  following  the  sec¬ 
ond  quadrupole  (by  keeping  their  reading  equal  to  zero). 
To  use  this  correction  as  a  feedback  may  require  two  fast 
kickers  near  the  two  quadrupoles  mentioned  while  static 
corrections  of  the  injection  can  be  done  by  actually  moving 
the  two  quadrupoles. 

Effects  of  jitter  during  BPM  acquisitions  and  of  the  ter¬ 
restrial  magnetic  field  remain  to  be  taken  into  account  [6], 
Full  simulations  with  tracking  programs  [7]  should  be  car¬ 
ried  out  to  check  the  robustness  of  the  method.  The  hope 
is  to  apply  the  ML  correction  on-line  with  only  small  fo¬ 
cal  changes  and  sector-matching,  without  interrupting  the 
beam  acceleration. 
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Abstract 

The  CLIC  Test  Facility  (CTF)  is  a  prototype  two-beam 
accelerator,  in  which  a  high-current  “drive  beam”  is  used 
to  generate  the  RF  power  for  the  main-beam  accelerator. 
The  drive-beam  accelerator  consists  of  two  S-band 
structures  which  accelerate  a  bunch  train  with  a  total 
charge  of  500  nC.  The  substantial  beam  loading  is 
compensated  by  operating  the  two  accelerating 
structures  at  7.81  MHz  above  and  below  the  bunch 
repetition  frequency,  respectively.  This  introduces  a 
change  of  RF  phase  from  bunch  to  bunch,  which  leads, 
together  with  off-crest  injection  into  the  accelerator,  to 
an  approximate  compensation  of  the  beam  loading.  Due 
to  the  sinusoidal  time-dependency  of  the  RF  field,  an 
energy  spread  of  about  7%  remains  in  the  bunch  train.  A 
set  of  idler  cavities  has  been  installed  to  reduce  this 
residual  energy  spread  further.  In  this  paper,  the 
considerations  that  motivated  the  choice  of  the 
parameters  of  the  beam-loading  compensation  system, 
together  with  the  experimental  results,  are  presented. 

1  THE  CLIC  TEST  FACILITY  n 

CTF  II  [1]  is  an  experimental  facility  of  the  Compact 
Linear  Collider  (CLIC)  study  dedicated  to  demonstrate 
the  feasibility  of  the  CLIC  two-beam  accelerator  scheme 
and  its  associated  30  GHz  technology  [2].  A  high-current 
drive-beam  generates  the  30  GHz  power,  while  the  main 
beam  probes  the  accelerating  field  in  the  30  GHz 
accelerator.  Some  operational  parameters  of  the  drive- 
beam  injector  are  presented  in  Table  1 . 

The  drive  beam  is  generated  by  an  S-band  RF-photo- 


Table  1 :  Operational  Parameters  of  the  Drive-Beam 
Injector  during  1998 


Number  of  bunches 

48 

Bunch  spacing 

10  cm 

Bunch  train  charge 

500  nC 

Energy 

35  MeV 

Accelerating  Field 

36  MV/m 

Total  loss  factor 

13.7  V/pC 

Beam  line  energy  acceptance 

14% 

Residual  train  energy  spread 

~  7% 

Correlated  single  bunch  energy  spread 

-  7% 

Bunch  length  after  compression(FWHM) 

5  ps 

injector  whose  photo-cathode  is  illuminated  by  a  short 
pulse  (8  ps  FWHM),  UV  laser.  Two  S-band,  disk-loaded 
accelerating  structures  are  used  to  provide  acceleration 
to  about  35  MeV.  Since  efficient  30  GHz  power 
production  requires  short  bunches,  a  magnetic  chicane, 
together  with  optimised  phasing  in  the  accelerating 
structures,  is  used  to  compress  the  bunches  to  5  ps 
FWHM.  After  bunch  compression,  the  beam  is  injected 
into  the  30  GHz  decelerator  where  a  part  of  its  energy  is 
converted  into  30  GHz  power. 

2  BEAM-LOADING  COMPENSATION 

The  CTF  drive-beam  train  of  500  nC  during  16  ns 
extracts  1  GW  of  power  from  the  3  GHz  accelerating 
structures.  The  related  energy  has  to  be  provided  by  the 
energy  stored  in  the  structures  and  the  heavy  beam¬ 
loading  has  to  be  compensated.  In  the  case  of  more 
moderate  beam-loading,  its  compensation  is  provided  by 
dedicated  structures  tuned  at  a  frequency  higher  and 
lower  than  the  bunch  repetition  frequency,  while  normal 
accelerating  structures  are  used  for  acceleration  [3].  In 
the  CTF  case,  the  drive  beam  accelerator  has  to  provide 
both  acceleration  and  beam-loading  compensation. 

Beam-loading  compensation  can  be  obtained  with  a 
single  accelerating  structure  operated  at  a  frequency 
slightly  higher  than  the  bunch  repetition  frequency  and 
by  injecting  the  first  bunch  of  the  train  before  the  crest. 
This  produces  a  phase  advance  along  the  train,  i.e.  the 
successive  bunches  arrive  closer  to  the  crest  than  the 
previous  ones,  experiencing  a  higher  accelerating  field 
which  approximately  compensates  the  beam-loading. 

In  the  CTF  II,  simultaneously  to  acceleration  and 
beam-loading  compensation,  the  drive  beam  injector  has 
to  provide  a  way  to  establish  the  proper  single-bunch 
energy-phase  correlation  required  for  magnetic  bunch 
compression. 

The  single-bunch  energy-phase  correlation  can  be 
controlled  by  using  two  accelerating  structures,  one 
operated  at  a  frequency  higher  and  the  other  at  a 
frequency  lower  than  the  bunch  repetition  frequency.  By 
running  the  two  accelerators  at  the  same  field  amplitude 
and  injecting  the  train  at  opposite  phase,  the  single¬ 
bunch  energy  spread  introduced  in  the  first  structure  is 
compensated  by  the  second  one.  However,  by  using  the 
correct  phasing  and  a  reduction  of  the  field  amplitude  in 
the  second  structure,  it  is  possible  to  introduce  the  same 
energy-phase  correlation  in  all  bunches. 
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2.1  Theory 

The  energy  gain  of  the  i-th  bunch  {AT)  of  a  bunch  train 
in  an  accelerating  structure  operated  at  a  frequency  V/, 
is: 


(  v  ^ 

ATj  =£,Lcos  2k— (/-l)+0, 

1  Vfc 

f  1  ( 

-2 kaqb  -+Y  cos  2k— j 

2  vh 


where  E,  is  the  structure  mean  field,  L  is  the  structure 
length,  vb  is  the  bunch  repetition  frequency,  is  the 
launching  phase  of  the  first  bunch  of  the  train  into  the 
accelerator,  k0  is  the  beam  loss  factor  {k=co  r'L/4Q )  and 
qb  is  the  bunch  charge.  Eq.  1  can  be  written  as  a  function 
of  the  accelerator  off-frequency  (Av  =  v,  -  v4),  and  the 
sum  can  be  written  in  a  closed  form: 

AT  =  £,Lcos(2i//((  - 1)+  <pt )- k„qb  sin(M*  ~  V2))  (2) 


where  y  =  7t  Av/vb.  In  Eq.  2  the  bunch  number  index  i 
can  be  treated  as  a  continuous  variable.  By  introducing  a 
continuous  variable  t  to  represent  the  time  relative  to  the 
bunch  centre,  Eq.  2  can  be  modified  to  represent  also  the 
energy  of  bunch  slices  at  time  t.  The  energy-phase 
correlation  of  the  i-th  bunch  is  then  given  by:  cd'd/dt  ATr 
The  two  accelerating  structures  of  the  CTF  drive  beam 
injector  allow  four  free  parameters,  i.e.  fields  and  phases 
(E„  E2,  <j>,  and  <f>2),  which  allow  the  fulfilment  of  four 
conditions:  minimum  energy  spread  and  equal  energy- 
phase  correlation  along  the  train,  maximum  energy  gain 
and  achievement  of  the  desired  amount  of  correlation. 
The  requirement  of  minimum  energy  spread  and  of  equal 
correlation  can  be  expressed  mathematically  by 
requiring  both  bunch  energy  and  correlation  to  be 
independent  of  the  bunch  number  in  the  middle  of  the 
train: 


JAT' 


=  0  and 


d  (d 


di  dt 


=  0  (3) 


I  i=o  |  ,-Z+L 
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where  the  derivative  is  taken  with  respect  to  the  bunch 
number  index  i,  and  N  is  the  number  of  bunches  in  the 
train.  As  a  result,  the  phase  and  the  field  of  the  second 
accelerator  (<j>2  and  Ev  respectively)  are  expressed  as  a 
function  of  the  phase  and  the  field  of  the  first  accelerator 
(<Pi  and  Ej,  respectively),  and  of  the  off-frequency  Av: 


E2  =£, 
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where  a  =  n  (Av/vb)(7V-l)  and  P  =  k  (Av/vb)  N. 
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Fig.  1 :  Bunch  energy  gain  along  the  train. 

To  maximise  the  energy  gain,  E,  is  set  to  the 
maximum  value  that  can  be  achieved.  Then  the  choice  of 
(j>,  sets  the  amount  of  energy-phase  correlation.  In  the 
case  of  the  CTF  n,  for  E,  =  36  MV/m  and  a  required 
correlation  of  1%  per  degree  of  bunch  phase  extension, 
<(>,  is  -60°,  <|)2  is  +25°,  E2  is  29  MV/m,  and  the  train 
energy  gain  is  about  30  MeV.  The  residual  energy  spread 
is  about  7%. 

The  train  energy  profile  after  acceleration  is  shown  in 
Fig.  1  as  a  function  of  the  bunch  number.  Also  shown  is 
the  energy  gain  without  beam-loading  compensation. 
The  beam-loading  compensation  scheme  reduces  the 
energy  gain  of  the  train  head  so  that  the  total  energy 
spread  is  reduced  to  about  1%. 

The  ratio  between  the  residual  energy  spread  and  the 
energy  gain  in  the  accelerating  structures  depends  only 
on  the  accelerator  off-frequency  and  on  the  train  length. 
In  the  case  of  the  CTFII,  Av  =  7.81  MHz,  and  N  =  48, 
the  relative  energy  spread  is  about  7%  of  the  energy  gain 
in  the  two  accelerators. 

2.2  The  choice  of  the  accelerator  off-frequency 

Together  with  the  bunch  train  length,  the  choice  of  the 
frequency  difference  between  the  accelerating  structures 
and  the  gun  (Av)  determines  the  bunch  train  residual 
energy  spread,  the  energy  gain  after  beam-loading 
compensation  and  the  versatility  of  the  beam-loading 
compensation  scheme.  The  frequency  difference  is  then 
chosen  to  minimise  the  residual  train  energy  spread  and 
to  maximise  the  bunch  energy  gain  in  the  structures. 

The  train  residual  energy  spread  and  the  maximum 
energy  gain  as  a  function  of  Av  in  the  case  of  the  design 
parameters  of  the  CTF  injector  are  shown  in  Fig.  2.  The 
maximum  energy  gain  increases  with  Av  and  reaches  a 
plateau  at  about  6  MHz,  a  larger  Av  does  not  lead  to  an 
appreciable  additional  energy  gain.  On  the  contrary,  the 
residual  energy  spread  increases  more  than  linearly  with 
Av.  However,  for  a  given  final  energy  and  for  a  given 
bunch  charge,  the  accelerator  field  required  by  the  beam¬ 
loading  compensation  scheme  scales  inversely  with  Av. 
In  other  words,  a  higher  Av  allows  beam-loading 
compensation  with  a  lower  accelerating  field,  at  the 
expenses  of  a  higher  residual  train  energy  spread. 
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Off-frequency  [MHz] 


Fig.  2:  Fractional  energy  spread  [%]  and  maximum 
energy  gain  [a.u.]. 


Bunch  Number 

Fig.  3:  Longitudinal  phase  space  with  beam-loading 
compensation.  Left  side:  measured;  right  side:  predicted. 


2.3  Hardware 

In  CTFH,  the  possible  choice  of  the  accelerator  off- 
frequency  was  limited  to  either  5  or  7.81  MHz  by 
engineering  constraints  related  to  the  timing  system.  The 
higher  off-frequency  has  been  chosen  to  obtain  a  more 
flexible  beam-loading  compensation  system,  effective 
for  several  combinations  of  bunch  charges  and 
accelerator  fields. 

Two  special  accelerating  structures  optimised  for 
high-charge  acceleration  have  been  constructed  at  LAL, 
Orsay  [4],  They  are  tuned  at  +  7.81  MHz  with  respect  to 
the  bunch  repetition  frequency,  they  have  a  large  iris 
aperture  and  they  have  been  optimised  for  a  low  r/Q 
(2200  Q/m)  to  maximise  the  stored  energy. 

2.4  Operation 

The  installation  of  the  beam-loading  compensation 
system  has  been  completed  at  the  beginning  of  1998. 
Despite  the  fact  that  the  accelerating  structures  have 
been  conditioned  to  only  36  MV/m  instead  of  the  design 
value  of  60  MV/m,  the  beam-loading  compensation 
system  worked  as  predicted  by  the  theory.  Its  flexibility 
allowed  operation  at  high  current  levels,  which  enabled 
demonstration  of  the  two-beam  accelerator  scheme  [1], 

Fig.  3  shows  a  longitudinal  phase-space  image  of  a  24 
bunch  train  with  a  total  charge  of  120  nC.  The 
measurement  has  been  taken  with  a  streak  camera  from  a 
transition  radiation  screen  in  a  spectrometer  behind  the 
accelerators.  Only  24  bunches  are  shown  because  of  the 
limited  acceptance  of  the  streak-camera. 

Due  to  the  gradients  available  to  date  in  the 
accelerating  structures,  the  single-bunch  energy-phase 
correlation  has  been  controlled  by  varying  the  injection 
phase  of  the  train  in  the  two  accelerators,  without 
lowering  the  field  of  the  second  one.  This  contradicts  the 
prescription  of  the  beam-loading  compensation  scheme 
(see  Eq.  3)  but  produces  the  two-fold  advantage  of 
increasing  the  bunch  train  energy  gain  and  of 
introducing  a  higher  correlation  in  bunches  in  the  bunch 
train  tail.  The  latter  contributes  to  obtaining  equal  bunch 
lengths  along  the  bunch  train,  as  late  bunches  are  longer 


due  to  the  beam-loading  in  the  RF  gun. 

3  IDLER  CAVITIES 

To  further  reduce  the  train  residual  energy  spread,  a  pair 
of  3-cell  idler  cavities  has  been  constructed  at  the  Alfven 
Laboratory,  KTH,  Stockholm  [5].  The  cavities  are  tuned 
at  frequencies  31.2  MHz  higher  and  lower  than  the 
bunch  repetition  frequency.  Due  to  this  frequency 
difference,  the  beam-loading  is  maximum  in  the  middle 
of  the  train  and  vanishes  for  the  first  and  last  bunch.  This 
way,  the  energy  of  the  central  part  of  the  train  is  lowered 
and  the  residual  energy  spread  is  further  decreased.  The 
idler  cavity  geometry  has  been  optimised  to  reduce  the 
train  energy  spread  to  less  than  3%  at  the  nominal 
charge.  This  is  of  the  same  order  of  the  energy  spread 
expected  from  high  order  modes.  First  tests  of  the  idler 
cavities  with  beam  are  foreseen  for  spring  1999. 

4  CONCLUSION 

The  high  transient  beam-loading  of  the  CTF  drive  beam 
(</>  =  30  A  during  16  ns)  has  been  compensated  by 
adopting  a  two-frequency  beam-loading  compensation 
system.  In  addition  to  providing  acceleration,  the  system 
reduced  the  total  energy  spread  to  7%  and  allowed  the 
establishment  of  single-bunch  energy-phase  correlation 
of  the  order  of  1  %  per  degree  of  bunch  phase  extension. 
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Abstract 

In  the  TESLA  linear  collider  scheme  [1]  the  existence  of 
trapped  modes  [2]  within  a  TESLA  cavity  could  be  a 
severe  problem  to  be  overcome.  Damping  of  trapped 
modes  seems  impossible  due  to  their  localization  within 
the  cavity,  which  prevents  a  coupling  to  the  HOM 
dampers  mounted  to  both  ends  of  the  beam  pipes.  As  a 
consequence  the  energy  of  a  trapped  mode  can  achieve 
considerable  values  after  several  bunch  passings,  even  in 
the  case  of  a  low  shuntimpedance  of  such  a  mode.  This 
effect  gives  additional  heat  load  for  the  cooling  system 
that  has  to  be  taken  into  account.  In  this  paper  we  propose 
a  method  to  prove  the  existence  of  these  modes  in  a  9-cell 
copper  TESLA  cavity.  RF-measurements  with  beam  pipes 
and  numerical  simulations  with  MAFIA  have  been  done. 
Longitudinal  and  transversal  shuntimpedances  of  the 
trapped  modes  within  a  frequency  range  up  to  10  GHz 
were  calculated. 

1  INTRODUCTION 

In  the  proposed  TESLA  linear  collider  scheme 
longitudinal  and  transversal  emittance  growth  in  the  linac 
is  required  to  be  kept  small.  Furthermore  the  heating  of 
the  cavity  walls  due  to  wakefields  in  the  low  and  high 
frequency  regime  has  to  be  limited.  One  source  of  wall 
heating  in  the  low  frequency  regime  seems  to  be  trapped 
modes. 

Trapped  modes  are  caused  by  variations  of  the  cell 
geometry  of  the  TESLA  cavity.  The  usual  TESLA  cavity 
has  almost  equally  shaped  cells  except  the  end  cells.  Due 
to  the  presence  of  the  beam  pipes  these  end  cells  differ 
slightly  from  the  middle  cells  to  ensure  a  flat  field 
distribution  for  the  accelerating  mode.  Thus  trapped 
modes  within  the  TESLA  cavity  and  within  the  beam 
pipes,  beyond  and  above  the  related  cutoff  frequency  of 
the  beam  pipe,  are  expected.  Two  HOM  dampers  are 
foreseen  for  each  single  TESLA  cavity,  mounted  to  the 
beam  pipes  (length  =  3/2  XfUml)  on  both  ends  nearby  the 
end  cells  of  the  cavity.  Consequently  trapped  modes 
within  the  beam  pipes  seem  to  be  harmless  because  of 
their  coupling  to  the  HOM  dampers. 
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Beschleunigem”  der  Qeutschen  Eorschungsgemeinschaft  DFG  and  by 
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But  trapped  modes  within  the  cavity  have  vanishing  field 
amplitudes  in  the  end  cells  of  the  cavity  and  therefore 
only  low  or  even  no  coupling  to  the  HOM  dampers  is 
expected.  Usually  trapped  modes  have  only  a  small 
characteristic  impedance  (R/Q  per  cavity)  of  several  ohms 
up  to  several  ten  ohms  for  the  highest  R/Q-values.  From 
the  viewpoint  of  particle  dynamics  those  modes  seem  to 
be  harmless,  but  from  the  viewpoint  of  stored  energy  a 
power  of  several  ten  up  to  several  hundred  watts  is 
radiated  into  those  modes  and  the  time  between  two 
macropulses  is  too  short  to  damp  the  stored  modes  energy 
significantly.  This  accumulation  of  wakefield  energy 
could  lead  to  a  quench  in  the  worst  possible  case. 

To  prove  the  existence  of  these  trapped  modes  RF- 
measurements  were  performed.  Also  numerical 
calculations  have  been  done,  with  different  boundary 
conditions,  and  have  been  compared  with  measurement 
results.  Hence  artifical  trapped  modes  caused  by  the 
presence  of  the  measurement  antennas  or  other  wall 
perturbations  are  out  of  question. 

2  MEASUREMENT  AND  SIMULATION 

2.1  The  RF -Test-Setup 

As  mentioned  above  trapped  HOMs  within  the  cavity 
should  be  less  affected  than  propagating  HOMs  by 
variing  the  peripheral  boundary  conditions  within  the 
waveguide  pipe  due  to  their  vanishing  field  amplitudes  in 
the  end  cells  of  the  cavity.  Changed  peripheral  boundary 
conditions  are  realized  experimentally  by  movable  shorts 
within  beam  pipes  driven  by  stepper  motors.  Information 
about  the  field  distribution  of  the  trapped  modes  was 
delivered  by  an  on  axis  bead  pull  measurement  device. 
Therefore  a  nylon  thread,  driven  by  a  stepper  motor,  was 
fed  through  the  structure  carrying  a  spherical  dielectric 
bead  in  order  to  perturbate  transversal  and  longitudinal 
electric  field  in  like  manner.  The  dielectric  sphere 
measures  the  square  of  the  value  of  the  electric  field 
strength  at  the  position  of  the  sphere.  The  nylon  thread 
could  be  fed  only  through  a  small  on  axis  hole  without 
obstructing  the  movability  of  the  shorts.  The  bead-pull 
measurements  were  suited  to  get  the  on  axis  electric  field 
distribution.  Therefore  off  axis  measurements  which  are 
necessary  to  get  the  shuntimpedances  of  dipole  modes 
were  not  possible  but  they  were  calculated  by  MAFIA  for 
dipole  modes  as  well  as  for  monopole-TM  modes.  The 
trapped  modes  were  excited  by  very  small  loops  (to 
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minimize  their  own  influence  on  the  field  distribution), 
which  dived  into  the  cells  where  we  expected  the 
strongest  field  amplitudes  of  the  trapped  mode  under 
investigation.  All  RF-measurements  were  performed 
using  a  HP8720A  Network  Analyzer  (130  MHz- 
20  GHz).  Figure  1  illustrates  a  schematical  drawing  of  the 
RF-Test-Setup  with  a  9-cell  copper  TESLA  cavity  with 
beam  pipes. 


calculated  two  frequencies  of  one  mode  indicates  a  strong 
field  amplitude,  whereas  a  small  frequency  shift  of  a 
given  mode  indicates  low  or  even  no  field  amplitudes 
within  the  beam  pipes  (comp.  Fig.  2  and  Fig.  4).  For  the 
first  run  we  assumed  ideal  electric  and  in  a  second  run 
ideal  magnetic  boundary  conditions  at  the  end  of  the 
beam  pipes.  We  chosed  a  beam  pipe  length  of  3/4  Xrund  on 
both  sides  of  the  cavity.  This  will  not  strongly  perturbate 
the  field  of  modes  below  cutoff  with  evanescent  field 
amplitudes  nearby  the  end  cells  within  the  beginning  part 
of  the  beam  pipes,  like  the  fundamental  accelerating 
mode  at  1 .3  GHz. 

3  RESULTS 

3.1  Monopole -TM  Modes 


Figure  1 :  Drawing  of  the  measurement  setup  with  the 
TESLA  9-cell  structure,  the  movable  shorts  in  the  beam 
pipes  and  the  on  axis  bead-pull  measurement  device. 

2.2  Measurement  Method 

We  measured  the  transmission  signal  (S21)  between  two 
coupling  loops.  A  trapped  mode  can  only  be  localized  in 
frequency  regions,  where  the  transmission  signal  remains 
unaffected  or  shows  only  small  changes  for  different 
positions  of  the  movable  shorts,  which  indicates  clearly 
low  coupling  to  the  beam  pipes  and  thus  also  low 
coupling  to  any  kind  of  HOM  dampers.  At  those 
frequency  regions  bead-pull  measurements  were 
performed  in  order  to  verify  the  existence  of  a  localized 
electric  field  distribution.  This  method  was  proposed 
earlier  [3]  but  a  main  problem  arises  since  the  passbands 
tend  to  overlap  even  for  high  frequencies.  As  a 
consequence  we  would  not  be  able  to  find  all  possible 
trapped  modes  with  this  method.  We  therefore  started  to 
make  numerical  calculations  as  described  below  using  the 
MAFIA  code  [4],  whereby  the  problem  of  overlapping 
passbands  vanishes.  Using  the  numerical  results  we  were 
able  to  verify  trapped  modes  faster  and  more  precisely 
with  bead-pull  measurements  since  we  have  additional 
information  about  the  frequency,  the  field  distribution  and 
the  azimuthal  type  of  the  trapped  modes  (i.e.  monopole 
modes,  dipole  modes  etc.).  With  automized  measurements 
we  could  examine  a  frequency  range  up  to  10  GHz,  for 
which  we  got  reliable  results  given  by  MAFIA  allowing 
for  the  performance  limit  of  our  computer  system. 

2.3  Numerical  Calculations 

The  method  to  find  trapped  modes  with  MAFIA  is  very 
similar  to  the  method  proposed  for  the  measurements.  We 
looked  for  the  frequency  differences  of  comparable 
modes  found  with  the  MAFIA  eigenmode  solver  in  two 
separate  runs  using  two  different  boundary  conditions  at 
the  end  of  the  beam  pipes.  A  large  dependence  of  the 


Figure  2  shows  the  amount  of  frequency  shift  Af 
depending  on  the  boundary  conditions  versus  mode 
number  in  order  as  they  appear  in  the  calculation.  For 
trapped  modes  we  have  to  look  at  local  minima.  The 
sudden  step  of  Af  at  mode  no.  28  expresses  the  presence 
of  the  first  beam  pipe  cutoff  for  monopole-TM  modes 
(fTMoi  =  2.95  GHz  for  a  pipe  radius  of  39  mm).  We  find  a 
very  small  “hill”  just  before  the  sudden  step  in  the  third 
passband  (mode  no.  19-27),  which  is  located  completely 
below  the  beam  pipe  cutoff,  demonstrating  the  sensibility 
of  this  method  to  evanescent  fields. 


Monopole-TM  Modes  in  a  9-cell  TESLA  Cavity  -  symmetric  endcups  - 
(frequency  shifts  due  to  different  boundary  conditions  calculated  with  MAFIA) 


t6SS$Sbf&tX6S£tel 

1  1' 

m 

1 

Bllll 

3  3'3y:': 

f  , , <  $ 

i  m 

;| 

beam  pipe 
cutoff 

| 

i  | 

X, 

I 

333 

0  10  20  30  40  50  60  70  80  90  100  110  120  130  140  150  160  170 

Number  of  Modes 


Figure  2:  The  Monopole-TM  Modes  in  a  9-cell  TESLA 
cavity  calculated  in  two  runs  with  different  boundary 
conditions  (see  text!).  Shown  is  the  frequency  shift 
Af  in  [kHz]  in  dependence  on  the  continuous  number  of 
calculated  modes. 


The  first  local  minimum  appears  at  mode  no.  49,  of 
which  the  calculated  field  distribution  and  the  measured 
electrical  field  profile  are  presented  in  Fig.  3  as  an 
example.  At  the  top  we  see  the  electric  field  amplitude 
versus  the  position  of  the  bead  in  arbitrary  units.  At  the 
bottom  the  calculated  field  distribution  is  shown,  which 
enables  the  reader  to  compare  the  position  of  the  bead 
with  the  position  in  the  cavity.  The  reason  for  the 
asymmetric  field  profile  (comp,  also  Fig.  5)  is  due  to 
small  deviations  from  the  perfect  cell  geometry  caused  for 
example  by  small  fabrication  errors  or  mechanical 
tensions.  Relevant  parameters  of  trapped  Monopole-TM 
modes  with  the  highest  longitudinal  shuntimpedances 
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above  the  beam  pipe  cutoff  are  given  in  Table  1  (mode  examples  of  trapped  modes  are  shown  in  Fig.  5  (mode  no. 
numbers  related  to  Fig.  2).  40,  87  and  95  from  top  to  bottom). 


_ _/  v  vQMfjy lyfiygi/A/^x _ 

Figure  3:  Electric  field  profile  of  trapped  Monopole-TM 
mode  no.  49  calculatad  at  f  =  3.855  GHz  (bottom)  and 
measured  at  f  =  3.854  GHz  (top). 


Table  1 :  Cavity  parameters  calculated  by  MAFIA 


Mode 

Numbei 

Frequency 
f  [GHz] 

Quality  Factor 

Q 

Longitudinal  Shunt- 
impedance  R*,  [kii] 

Characteristic  Impedance 

R'./Qini 

49 

3.855 

35704 

1226.3 

34.35 

93 

5.461 

62639 

599.2 

9.57 

105 

5.902 

36396 

73.7 

2.03 

106 

5.912 

37982 

330.6 

8.70 

107 

5.922 

40022 

124.5 

3.11 

142 

6.687 

44049 

210.3 

4.78 

3.2  Dipole  Modes 

Analogous  simulations  had  been  made  for  dipole  modes. 
The  most  trapped  dipole  modes  can  be  found,  where  low 
frequency  shifts  occur  in  Fig.  4.  In  Table  2  we  summarize 
relevant  parameters  for  trapped  dipole  modes  with  the 
highest  transversal  shuntimpedances  above  the  cutoff  of 
the  beam  pipe. 


Dipole  Modes  in  a  9-celi  TESLA  Cavity  -symmetric  endcups  - 
(frequency  shifts  due  to  different  boundary  conditions  calculated  with  MAFIA) 


Number  of  Modes 

Figure  4:  Results  for  dipole  modes.  Compare  caption  of 
Fig.  2  for  details. 


Table  2:  Cavity  parameters  calculated  by  MAFIA 


Mode 

Number 

Frequency 

f[GHz] 

Quality  Factor 

Q 

Transversal  Shunt- 
impedance  R1,  [kQ] 

Characteristic  Impedance 

rVqm 

43 

3.088 

74926 

54.1 

0.72 

44 

3.091 

75539 

196.7 

2.60 

60 

3.359 

39427 

2.4 

0.06 

87 

4.323 

62268 

6.9 

0.11 

149 

5.651 

92669 

5.7 

0.06 

165 

5.768 

102813 

3.7 

0.04 

The  first  two  passbands  (mode  no.  1-18)  are  located 
below  the  cutoff  (^,,=2.25  GHz),  thus  evanescent  field 
amplitudes  in  the  beam  pipes  cause  only  small  frequency 
shifts.  The  first  trapped  mode  above  cutoff  (mode  no.  40) 
is  the  first  mode  of  a  whole  passband  showing  only  small 
amount  of  field  strength  in  the  beam  pipes.  Some 


4  CONCLUSION  AND  OUTLOOK 

We  proposed  a  method  to  measure  trapped  modes  in 
TESLA  cavities  by  using  the  information  of  numerical 
calculations.  The  numerical  method  avoids  the  in  reality 
existing  problem  of  overlapping  passbands  and  delivers 
the  field  distributions  of  trapped  modes  and  the 
frequencies  for  more  accurate  RF-(bead-pull)- 
measurements.  The  measurement  results  given  are  in 
good  conformity  with  the  numerical  simulations.  Field 
profile  comparisions  of  several  trapped  modes  within  a 
frequency  range  of  10  GHz  had  been  verified  and  their 
beam  dynamic  related  parameters  like  quality  factors  and 
shuntimpedances  were  calculated.  Numerical  calculations 
for  the  current  TESLA  cavity  design  with  asymmetric 
endcups  [1],  which  helps  to  reduce  the  unwanted  trapped 
modes,  have  been  carried  out  and  have  to  be  proved  with 
a  copper  model  which  will  be  delivered  from  DESY  in 
the  near  future. 
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Abstract 


The  first  stage  of  TTF  superconducting  electron  linac  is  a 
in  its  final  state  of  assembling.  Many  of  superconducting 
accelerating  cavities  attained  already  the  planned  for 
collider  accelerating  fields  of  25  MV/m.  However  the 
problem  of  cost  reduction  of  TESLA  accelerating  system 
is  still  actual.  The  propositions  concerning  modifications 
in  accelerating  cavities  were  signalled  at  several  TESLA 
Meetings  and  reported  also  at  the  PAC97  Conference  [1]. 
The  cavities  are  the  main  source  of  wakefields,  leading  to 
beam  instabilities  in  a  linear  collider.  In  the  frame  of 
scientific  international  cooperation  the  part  of  the  work 
concerning  the  wakefield  generation  in  new  structures 
proposed  by  DESY  was  done  in  our  Institute.  The  room 
temperature  copper  models  of  new  type  cavities  were 
also  produced  in  Swierk  and  will  undergo  the  tests  at 
DESY. 

In  this  report  the  calculated  longitudinal  and  transverse 
loss  factors  in  enlarged  iris  cavity  proposed  in  [1]  and  in 
superstructure  composed  of  four  7-cell  cavities  [2]  are 
compared  with  the  corresponding  values  [3]  in  cavities 
currently  used  in  TTF. 

1  INTRODUCTION 

The  experience  already  gained  during  the  development  of 
1.3  GHz  superconducting  RF  accelerating  cavities  for 
TESLA  collider  indicates  that  some  design  parameters 
should  be  reconsidered  having  in  mind  the  cost  reduction 
of  the  future  collider.  This  problem  was  reported  on 
PAC’97  Conference  [1]  and  on  several  TESLA  Meetings 
[2]  where  the  new  shapes  of  accelerating  cavity  and 
cavities’  arrangements  were  proposed.  The  points 
considered  were  the  shape  of  the  cavity  and  fill  factor 
(the  ratio  of  active  acceleration  length  to  total  length)  of 
the  collider.  The  present  design  of  TTF  superconducting 
accelerating  cavity  consists  of  9  weakly  coupled  cells- 
resonators  operated  in  k  mode  at  frequency  1.3  GHz.  The 
string  of  8  cavities  each  equipped  with  FM  power  coupler 
and  2  HOM  couplers  is  encapsulated  in  a  single  unit- 
module  and  cooled  down  to  2  K.  The  shapes  of  RF 
accelerating  cavity  elaborated  some  years  ago  [4,5]  were 
optimized  to  have  possibly  high  coupling  impedance 
(R/Q)  for  fundamental  mode,  to  keep  the  safe  values  of 
the  peak  surface  electric  and  magnetic  fields  and  to  keep 
small  values  of  HOM  impedances.  The  small  iris  aperture 
which  is  a  compromise  between  the  above  criteria  reduces 
the  coupling  factor  k^  between  cells  of  the  cavity.  As  the 


error  of  field  amplitude  in  a  standing  wave  cavity  made 
of  N  cells  is  proportional  to  N2/^  ,  the  small  value  of  k^ 
makes  the  actual  cavities  very  sensitive  to  technological 
processing  during  cavity  preparation.  This  has  impact  on 
cavity  production  costs.  To  avoid  the  fundamental  mode 
RF  phase  interference  between  neighbouring  cavities  the 
3A/2  lengths  beam  tubes  were  chosen.  This  reduces  the 
effective  accelerating  field  by  the  ratio  of  cavity  active 
length  to  total  cavity  length. 

Two  ways  to  solve  this  problem  were  proposed  in  last 
two  years.  In  [1]  it  is  proposed  to  enlarge  the  iris  aperture 
and  to  enlarge  also  the  end  tube  diameters  of  the  cavity  in 
order  to  facilitate  the  HOM  damping. 

The  second  approach  [2]  preserves  the  shape  of  TTF 
cavity  inner  cells  but  limits  to  7  the  number  of  cells  in 
one  cavity.  The  diameter  of  interconnecting  beam  tubes 
is  increased  and  their  length  limited  to  A/2  allowing  the 
transmission  of  RF  power  from  cavity  to  cavity.  The  set 
of  4  cavities  (superstructure)  is  fed  by  1  RF  input  power 
coupler. 

The  accelerating  cavities  are  the  main  source  of 
wakefields  and  related  losses  in  a  linac.  The  proposed 
changes  influence  significantly  the  wakes  induced  in 
cavities.  The  wake-potentials  and  loss  factors  were 
calculated  for  both  proposed  schemes  and  are  reported  in 
this  paper. 

2  WAKE-POTENTIALS 

The  wakes  induced  in  a  cavity  by  the  gaussian  bunch  of 
standard  deviation  a  =  1mm  or  0.5mm  were  evaluated  by 
the  procedure  ABCI  [6]  used  earlier  for  the  actual  TTF 
cavity  wakefield  calculations.  For  the  case  of  large  iris 
cavity  this  enables  the  direct  comparison  with  TTF  RF 
cavity  regardless  of  possible  systematic  inaccuracy  due  to 
finite  size  of  mesh  dimensions  used  or  possible 
imperfections  inherent  to  the  computation  code  used  . 

2.1  The  large  iris  cavity 

The  changes  of  shapes  proposed  in  [1]  for  a  new  cavity 
are  illustrated  in  Fig.  1  and  listed  in  Table  l.Each  cell  of 
the  new  cavity  has  elliptical  shape  in  the  equator  region 
and  circular  with  the  17  mm  curvature  radius  at  the  iris 
aperture.  End  cells  have  slightly  smaller  equator  radius  to 
compensate  the  influence  of  the  beam  tube  opening.  The 
detailed  data  on  optimized  shapes  of  inner  and  outer  cells 
were  taken  from  [1], 
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Table  1. 


integrated  up  to  100  GHz  is  shown  in  Fig.3.  The  clean 
steps  on  this  plot  correspond  to  the  increase  of  loss  factor 
due  to  successive  resonant  modes.  The  fundamental  mode 
loss  factor  read  from  this  plot  is  equal 


TTF  9-cell  cavity 

Large  iris  9- 

Riris  of  inner 

35  mm 

51  mm 

Requator  inner 

103.3  mm 

108.08  mm 

Requator  of  OUter 

103.30  mm 

106.6  mm 

Rtube  of  end 

39  mm 

55  mm 

Inner  cell  Outer  cell 


0.00 


Fig.  1  Proposed  modification  of  shape  of  9-cell  cavity. 

The  longitudinal  (monopole)  wakes  induced  in  9-cell 
cavity  by  o  =1  mm  bunch  are  illustrated  in  Fig.2.  The 
comparison  is  made  between  two  cavities.  Curve  1  shows 
the  wake  induced  in  the  new  cavity  and  curve  2  the  wake 
in  the  old  one  at  present  in  use  in  TTF. 


0.00  10.00  20.00 
Distance  after  bunch  head  s[mm] 

Fig.  2  W ||  wake  induced  in  9-cell  cavities. 

The  resulting  loss  factors  for  both  cavities  are  summarised 
in  Table  2.  The  listed  monopole  loss  factors  ky  include 
also  the  loss  to  fundamental  mode  passband. 

For  the  a  =lmm  bunch,  the  plot  of  longitudinal  loss  factor 


Table  2.  The  loss  factors  of  9-cell  TESLA  cavities 


G  bunch 
[mm] 

TTF  cavity 
kj  [V/pC]  kj.[V/pC/m] 

New  9 
kj  [V/pC] 

cell  cavity 
kjV/pC/m] 

1.0 

11.05 

20.6 

6.53 

6.21 

0.5 

15.58 

12.96 

10.20 

4.74 

0.1  1.0  10.0  100.0 
Frequency  [GHz] 

Fig.  3  Integrated  longitudinal  loss  factor  in  the  new  type 
9-cell  accelerating  cavity,  a  =  1mm,  gaussian 


to  2. 1 1  V/pC.  The  HOM  loss  factor  of  monopole  modes 
is  then:  ky  Hom  =  k||  total  -  kyfm  =  4.4  V/pC 
for  a  new  type  9-cell  cavity. 

2.1.1  Consequences 

The  opening  of  iris  and  beam  tube  apertures  of  9-cell 
TESLA  cavity  as  proposed  in  [1]  has  clear  advantage  as 
far  as  the  loss  factors  are  concerned.  The  ky  is  reduced  by 
the  factor  of  1.7  and  kj.  by  the  factor  of  3.3  when  the  new 
and  old  cavities  are  compared  taking  a  bunch  of  a  =lmm 
The  value  of  longitudinal  loss  factor  of  HOM  is  4.4  V/pC 
in  the  new  cavity;  that  parameter  calculated  in  [3]  for  old 
cavity  is  8.97V/pC.  The  transverse  loss  factor  is  reduced 
from  20.6  V/pC/m  in  old  cavity  to  6.21  V/pC/m  in  the 
new  one.  The  values  allowed  in  TESLA  collider  design 
project  [7]  are  as  follow:  k||HoM  ^  8V/pC  and  kxHOM  ^  18 
V/pC/m  for  a  bunch  of  a  =1  mm. 

2.2  Superconducting  Superstructure 

The  superstructure  preserves  the  shape  of  TTF  single  cell 
but  reduces  to  7  the  number  of  cells  in  one  cavity.  The 
input  and  output  cell  and  interconnecting  beam  tubes  are 
modified  to  allow  the  coupling  of  fundamental  passband 
to  the  successive  cavities.  The  string  of  4  weakly  coupled 
and  separately  tuned  cavities  form  a  basic  unit 
(superstructure)  with  28  supermodes.  The  number  of  RF 
power  input  couplers  is  thus  reduced  substantially  (  by  a 
factor  more  then  3  in  the  case  of  4  cavity  superstructure). 
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The  total  length  of  200GeV  linac  becomes  shorter  by  - 
20%.  Those  factors  directly  scale  on  investment  cost 
reduction  .  The  limited  number  of  cells  in  cavity  provide 
very  important  safety  margin  on  field  amplitude  stability 
in  individual  cells. 

Since  the  cavities  in  superstructure  are  no  longer 
uncoupled  the  superstructure  must  be  treated  as  one  unit 
in  wake  fields  evaluation.  The  calculations  were  made  for 
single  7  cell  cavity,  two  cavities  and  four  cavities  in 
superstructure.  The  wakes  induced  by  1mm  and  0.5mm 
gaussian  beam  are  illustrated  in  Fig.  4. 


0.00  10.00  20.00 
s[mm] 

Fig.4  W ||  wakes  in  4  cavities  superstructure  due  to 

o  =  lmm  and  0.5  mm  gaussian  bunch. 

Table  3  lists  the  corresponding  loss  factors  and  Fig.  5 
show  the  summed  up  longitudinal  loss  factor  of  4  cavity 
superstructure. 


Fig.  5  Integrated  kg  of  superstructure  composed  of  4 
cavities,  o  =lmm  gaussian;  kg  totai=34.56V/pC. 

To  compare  the  TTF  9-cell  cavity  and  superstructure  the 
ratios  of  loss  factor  per  lcell  is  taken.  No  obvious 
difference  is  found  in  energy  loss  factors.  The  difference 
in  k|/cell  is  within  2%.  The  gain  is  in  ki/cell  where  this 


parameter  is  by  -18%  lower  in  superstructure. 


Table  3.  Longitudinal  and  transverse  loss  factors  in 
superstructure 


^  bunch 

No  of 
cavities 

k! 

[V/pC] 

kx 

[V/pC/m] 

k||  dipole 

[V/pC/m2] 

1  mm 

lx7-cell 

-10.65 

15.29 

-10350 

1  mm 

2x7-cell 

-18.64 

27.4 

-19680 

1  mm 

4x7cell 

-34.73 

52.54 

-39040 

0.5m 

7-cell 

-18.29 

11.7 

-16370 

0.5m 

2x7-cell 

-29.17 

21.01 

-30600 

05. mm 

4x7cell 

-51.17 

38.05 

-57960 

3  SUMMARY  AND  CONCLUSIONS 

The  wakepotentials  excited  in  proposed  new  schemes  of 
accelerating  cavities  were  evaluated  and  compared.  The 
most  favourable  is  large  iris  9-cell  cavity  where  the  losses 
due  to  bunch  current  are  lowest.  The  superstructure  is 
favorised  by  arguments  of  high  R/Q,  safe  margins  on 
electron  emission  and  quench  level  and  by  substantial 
reduction  of  investment  costs  in  Tesla  collider  realisation. 
The  room  temperature  models  of  7-cell  cavities  were  built 
in  our  Institute  and  sent  to  DESY/Hamburg  where  the 
working  parameters  of  superstructure  will  be  checked 
experimentally. 
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Abstract 

A  full-scale  prototype  C-band  structure  for  the  e+e-  linear 
collider  has  been  built  in  which  the  dipole  powers  are 
damped  to  suppress  the  long-range  transverse  wakefield. 
To  verify  that  the  damping  works  as  expected,  the  C-band 
structure  was  tested  in  the  Accelerator  Structure  SETup 
(ASSET)  at  SLAC.  This  paper  presents  results  of  the 
wakefield  measurement  with  ASSET. 

1  INTRODUCTION 

The  C-band  scheme  being  considered  at  KEK  for  the  500 
GeV  to  1  TeV  scale  linear  collider  employs  multi-bunch 
beam  operation  in  a  high  accelerating  gradient  C-band 
linac  [1].  If  no  any  cares  were  taken  in  the  accelerating 
structure,  the  high-Q  transverse  dipole  mode,  mainly 
TM110  mode,  would  produce  an  enormous  blow  up  the 
transverse  motion  of  the  bunch  train,  resulting  in  loosing 
luminosity.  In  order  to  damp  all  the  dipole  modes  in 
accelerator  cavities,  the  author  proposed  the  choke-mode 
cavity  in  1992  [2].  In  this  scheme,  the  beam  excited  power 
is  eliminated  by  a  microwave  absorbing  material  in  the 
accelerator,  thus  the  dipole  modes  are  damped  in  each  cell 
for  a  wide  frequency-range.  The  choke  is  used  as  a  notch- 
filter,  which  traps  the  rf  power  within  a  cavity  at  the 
operating  frequency,  thus  a  high  accelerating  field  can  be 
generated. 

The  basic  principle  of  the  choke-mode  cavity  was  proved 
using  an  S-band  model  in  1994,  where  an  electron  beam 
was  accelerated  at  the  field-gradient  as  high  as  50  MV/m 
driven  by  S-band  power  of  100  MW  peak. 

From  1996,  we  started  design  of  C-band  RF  system,  and 
developed  a  full-scale  prototype  for  the  C-band  linear 
collider.  The  structure  was  installed  in  ASSET  at  SLAC, 
and  its  electrical  performance  was  tested  with 
electron/positron  bunches  in  December  1998. 

2  C-BAND  STRUCTURE 

Figure  1  shows  the  developed  C-band  structure,  which  is 
composed  of  the  regular  section  (89  choke-mode  cells), 
input/output  couplers  attached  at  each  end,  and  two  RF- 
BPMs  for  beam  position  alignment  at  both  end.  A 
wakefield  monitor  is  prepared  on  the  center  cell  in  order 
to  observe  the  beam  induced  HOM  spectrum,  and 
determine  the  beam  position.  To  avoid  unwanted 
transverse  kick  due  to  asymmetric  field,  the  double-feed 


coupler  using  J-shaped  waveguide  is  employed  in  the 
input/output  couplers  [3],  The  whole  structure  is  enclosed 
in  a  cooling- water  jacket  made  by  stainless  steel. 

2.1  Choke -Mode  Cell  Design 

Figure  2  shows  the  cut-view  of  the  C-band  structure, 
including  the  wakefield  monitor  at  the  center  cell.  The 
beam-induced  wakefield-power  is  damped  in  the 
microwave  absorbers  made  by  SiC-ceramic,  which  is 
mechanically  attached  in  the  copper  cell  with  a  metal¬ 
spring-insert.  The  design  detail  is  reported  in  ref.  [3]. 

In  order  to  maximise  the  damping  performance  for  the 
lowest  dipole  mode,  the  volume  of  the  SiC  ring  was 
optimised  using  computer  simulation  [4].  Three  different 
sizes  of  the  SiC  ring  were  used  in  the  current  design.  The 
wakefield  of  the  whole  accelerating  structure  was 
approximately  estimated  by  averaging  the  wakefield 
calculated  at  equally  spaced  12  points.  It  was  expected 
that  the  wakefield  would  be  damped  below  0.5 
V/pC/m/mm  at  the  second  bunch  at  2.8  nsec  (0.84  m), 
which  is  lower  than  the  limit  of  0.7  V/pC/m/mm  defined 
by  the  multi-bunch  emittance  dilution  of  25%  in  the  main 
linac. 

2.2  RF-BPM 

In  the  C-band  linear  collider,  it  is  necessary  to  align  the 
accelerating  structure  with  respect  to  the  beam  in  rather 
tight  tolerances,  a  high-precision  BPM  will  be  attached  at 
the  both  end  of  the  structure  and  the  transverse  positions 
will  be  adjusted  by  fine  movers.  To  limit  the  emittance 
dilution  below  25%  in  the  main  linac,  the  structure  should 
be  aligned  with  accuracy  better  than  30  pm  and  fabricated 
with  straightness  within  50  pm. 


Figure  1:  C-band  accelerating  structure.  2  m  long,  91  cell. 
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Figure  2:  A  cut  view  of  the  C-band  choke¬ 
mode  structure  with  a  wakefield  monitor. 


For  the  C-band  accelerator  alignment,  a  new  type  RF- 
BPM  was  developed  as  shown  in  Fig.  3,  which  uses 
longitudinal  slots  to  cut  the  common-mode  signal  from  the 
beam-position  signal.  To  achieve  highly  accurate  BPM, 
especially  to  avoid  unwanted  shift  of  the  electrical  center 
(zero  point),  elimination  of  the  common-mode  power  is 
the  most  important  key  [5].  In  this  new  design,  reduction 
of  common  mode  by  -40  dB  or  better  can  be  made. 

3  ASSET  BEAM  TEST 

3.1  Wakefield  Signal  Spectrum 

In  order  to  monitor  the  microwave  signal  generated  by  the 
beam,  four  pick-up  antennas  were  prepared  on  the  center 
cell  as  shown  in  Fig.  2.  The  antenna  is  the  straight  metal 
rod,  which  forms  a  closed  loop  together  with  the  ground 
plane,  and  couples  with  the  magnetic  field  behind  the  SiC 
absorber.  Figure  4  shows  the  measured  spectrum  for  the 


frequency  range  between  5  to  25  GHz.  The  sharp  peaks  at 
5.7  GHz  are  the  leakage  power  from  the  beam  excited 
dominant  accelerating  mode.  The  next  peak  at  7.8  GHz  is 
the  lowest  dipole  mode  (TM1 10  mode).  The  measured  Q- 
factor  was  36,  which  is  slightly  higher  than  the  expected 
value  of  30  estimated  with  the  computer  simulation.  As 
shown  in  Fig.  2,  the  microwave  absorber  in  the  monitor 
cell  has  smaller  dimension,  thus  the  Q-factor  takes  higher 
value  than  the  regular  cells.  According  to  the  computer 
simulation,  the  effective  Q  for  the  averaged  wakefield  is 
expected  as  low  as  12. 

Most  of  all  peaks  at  higher  frequency  bands  were 
identified  with  the  simulated  spectrum.  Exception  was  a 
few  sharp  peaks  around  20  -  24  GHz,  which  were  not 
predicted  at  design  time.  The  same  peaks  appeared  as  a 
long  tail  in  the  measured  wakefield  as  discussed  later. 

In  Fig.  4,  the  peak  at  15  GHz  seems  to  be  the  highest 
one,  but  its  power  is  much  lower  than  the  dominant  dipole 
mode  at  7.8  GHz.  This  is  due  to  the  characteristic  of  the 
pick-up.  Since  the  loop-coupler  picks  up  the  time- 
variation  of  the  magnetic  flux: 

V  °cd®/dt  =  C0BS  , 

A  higher  frequency  component  generates  a  higher  output 
signal  for  the  same  intensity  of  magnetic  field. 

3.2  RF-BPM  Test 

Figure  5  shows  the  circuit  diagram  of  the  RF-BPM.  The  rf 
signal  from  two  RF-BPMs,  the  wakefield  monitor  and  the 
reference  cavity  are  processed  with  the  band-pass  filters 
(7854  MHz,  3%  BW),  and  down  converted  to  310 
MHz  signal,  finally  sampled  with  4-ch  digital  scope 
(Tektronix  TDS684B,  5Gs,  1GBW).  The  reference 
signal  is  used  to  find  the  beam  timing  and  the  beam 
phase.  The  wakefield  signal  from  two  pick-up 
antennas  at  the  center  BPM  are  combined  in  a  1 80- 
deg.  hybrid  to  eliminate  the  common  mode  power. 

Figure  6  is  the  correlation  plot  for  three  BPMs.  The 
zero-cross  point  gives  the  vertical  offset  of  the  center 
BPM  with  respect  to  the  mean  center  of  the  upstream 
and  downstream  BPMs.  It  was  +63  pm.  By  taking 
account  the  calibration  data,  the  straightness  becomes 


Fig.  4  Measured  wakefield  spectrum  with  a  horizontal  antenna. 
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Fig.  5  RF-BPM  detector  circuit. 


49  Jim.  This  is  just  border  of  design  tolerance.  On  the 
other  hand,  the  straightness  mechanically  measured  from 
outside  was  90  (im.  We  need  further  study  before 
concluding  these  test  results,  such  as  measurement  of  the 
straightness  using  laser-beam  from  inside  of  the  structure. 
The  observed  spatial  resolution  was  about  8  pm,  which 
was  limited  by  high  digital  noise  in  the  sampling-scope. 

3.3  Wakefield  Measurement 

We  measured  the  wakefield  generated  in  the  C-band 
structure  with  the  same  method  as  done  in  the  X-band 
structure  R&D.  The  layout  of  the  ASSET  and  detailed 
procedure  are  found  in  elsewhere  [6]. 

We  injected  the  positron  beam  first  as  a  drive  bunch, 
which  extracted  from  the  South  Damping  Ring.  The 
bunch  passed  through  the  C-band  structure  and  was  then 
steered  into  a  dump.  Right  after  the  positron,  the  electron 
bunch  was  injected  from  the  North  Damping  Ring  and  the 
deflection  angle  due  to  the  wakefield  was  measured  with 
the  BPMs  in  the  linac.  The  measured  data  is  shown  in  Fig. 
7.  The  measured  wakefield  damps  according  to  the 
expected  waveform  (solid  line)  up  to  1.6  nsec  (0.5  m) 
from  about  15  to  1  V/pC/m/mm.  However,  after  this 


(Ychl+YcH3>a  (mm) 

Fig.  6  Correlation  plot  on  three  BPM  readout. 


Fig.  7  Measured  (circle)  and  expected  (solid  line) 
wakefield. 


point,  the  measured  wakefield  showed  a  high  frequency 
oscillation  with  an  amplitude  of  0.8- 1.0  V/pC/m/mm. 
This  is  just  the  border-line  of  the  25%  emittance  dilution. 
Applying  FFT,  we  found  that  the  oscillation  corresponds 
to  the  spectrum  peak  at  20,  23  GHz.  With  computer 
simulations,  it  was  found  that  in  some  condition  the  mode 
can  be  trapped  in  the  cavity  at  very  high-frequency,  whose 
field  pattern  has  a  node-point  at  the  slot  location,  thus  no 
power  can  leak  out  to  the  damper.  This  was  caused  by  our 
design  change.  To  improve  the  shunt-impedance  by  about 
10%,  we  changed  the  disk  thickness  from  4  to  3  mm. 
However,  the  mode  pattern  in  the  cavity  moved  in  z- 
direction,  and  occasionally  created  a  node  at  the  coupling 
slot.  To  solve  this,  we  will  shift  z-location  of  the  damping 
slot  by  2  mm.  With  careful  simulations,  it  was  shown  that 
the  trapped  mode  could  be  eliminated.  The  new  model  is 
under  design. 
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Abstract 

In  this  paper,  we  summarize  our  activities  on  X-band  RF 
power  source  development  for  the  Japan  Linear  Collider 
(JLC)  project.  First,  we  have  designed  and  tested  a 
solenoid-focused  klystron  at  11.424  GHz  with  a  pulse 
length  of  1.5  ps  and  with  an  efficiency  of  47%.  A  periodic 
permanent  magnet  (PPM)  klystron,  the  first  in  that  kind 
at  KEK,  is  also  under  development.  In  parallel  to  this 
activity,  another  PPM  klystron  has  been  developed  and 
remodeled  in  collaboration  with  BINP.  Second,  a  new  RF 
window  with  100-MW  power-handling  capability  has  been 
designed  and  tested.  It  utilizes  the  TW  mixed  mode  (TE1 1 
and  TM1 1  modes)  to  reduce  the  surface  field  at  the  brazing 
edge  of  the  ceramic.  The  cold  model  test  shows  a  low 
electric  field  at  the  brazing  point  as  predicted  by  HFSS 
calculations.  The  high  power  model  is  now  in 
manufacturing  and  the  testing  will  start  soon.  Third,  the 
Blumlein  modulator  was  upgraded  to  produce  a  pulse  with 
2  ps  flat  top  and  200  ns  rise  time  at  550  kV  output 
voltage.  Fourth,  the  multi-mode  2x2  DLDS  (Delay  Line 
Distribution  System)  pulse  compression  system  has  been 
designed,  and  its  basic  unit  was  manufactured  and  tested 
for  proof  of  the  principle.  The  measurement  results  show 
that  the  system  works  well  with  a  high  power  distribution 
efficiency.  The  so-called  mode  stability  experiment  is 
also  under  preparation  in  the  ATF  linac  tunnel  in 
collaboration  with  SLAC.  This  experiment  is  aimed  for 
examination  of  the  stability  of  linearly  polarized  TE12 
mode  in  a  55m  long  waveguide,  a  key  issue  in  the  present 
configuration  of  multi-mode  DLDS.  Details  of  these 
developments  and  measurement  results  are  presented. 

1  KLYSTRON 

The  1-TeV  JLC  (Japan  e+e'  Linear  Collider)  project[l] 
requires  about  3200  (/linac)  klystrons  operating  at  75  MW 
output  power  with  1.5  ps  pulse  length.  The  main 
parameters  of  solenoid-focused  klystron  are  tabulated  in 
the  second  column  of  Table  1.  The  120  MW-class  X-band 
klystron  program  at  KEK[2],  originally  designed  for  80 
MW  peak  power  at  800  ns  pulse  length,  has  already 
produced  9  klystrons  with  solenoidal  focusing  system.  To 
reduce  the  maximum  surface  field  in  the  output  cavity,  the 
traveling-wave  (TW)  multi-cell  structure  has  been  adopted 
since  the  XB72K  No. 6.  Four  TW  klystrons  have  been 
built  and  tested.  All  of  them  share  the  same  gun  (1.2 
microperveance  and  the  beam  area  convergence  of  110:1) 

1  E-mail:  yongho.chin@kek.jp 


Table  1:  Specifications  of  X-band  solenoid-focused  and 
PPM-focused  klystrons  for  JLC. 


XB72K 

PPM 

Operating  frequency  (GHz) 

11.424 

11.424 

RF  pulse  length  (ps) 

>  1.5 

>  1.5 

Peak  output  power  (MW) 

75 

75 

Repetition  rate  (pps) 

120 

120 

RF  efficiency  (%) 

47 

60 

Band- width  (MHz) 

100 

120 

Beam  voltage  (kV) 

550 

480 

Perveance  (xlO'6) 

1.2 

0.8 

Maximum  focusing  field 
(kG) 

6.5 

and  the  buncher  (one  input,  two  gain  and  one  bunching 
cavities). Only  the  output  structures  have  been  redesigned 
each  time.  XB72K  No.8  (5  cell  TW)  attained  a  power  of 
55  MW  at  500  ns,  but  the  efficiency  is  only  22%.  XB72K 
No.  9  (4  cell  TW)  produced  72  MW  at  520  kV  for  a  short 
pulse  of  200  ns  so  far.  The  efficiency  is  increased  to  31%. 
The  limitation  in  the  pulse  length  attributes  a  poor 
conditioning  of  the  klystron. 

The  latest  tube,  XB72K  No.  10,  was  designed  at  KEK, 
and  has  been  build  in  Toshiba.  The  testing  started  from 
January  1999.  It  produces  29MW  power  at  379kV  at  1.5 
ps  pulse  length,  16%  larger  than  the  prediction.  The 
output  RF  signal  is  shown  in  Fig.  1. 


Time  (gsec) 


Figure  1 :  Output  power  and  cathode  voltage  signals  from 
XB72K  No. 10. 
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At  the  beam  voltage  over  380kV  and  without  input 
power,  the  oscillation  signal  is  observed  at  20.7  GHz  in 
the  spectra  of  the  output  RF  signal  and  the  signal  reflected 
from  the  input.  When  the  input  power  is  increased,  the 
oscillation  signal  disappears  up  to  the  cathode  voltage  of 
390kV.  The  slight  increase  of  the  magnetic  field  down  the 
drift  space  changes  the  signal  frequency  to  20.7  GHz.  The 
measured  perveance  was  found  to  be  20%  larger  (about 
1 .4(0.)  than  the  design  value.  It  turned  out  that  the 
manufactured  gun  has  a  wrong  dimension,  with  no  effects 
of  the  thermal  expansion  taken  into  account.  The  cathode 
and  the  wehnelt  are  closer  to  the  anode  by  l-2mm  than  the 
design,  and  their  radial  sizes  are  larger  by  0.5-1  mm.  As 
the  result,  the  emitted  beam  has  a  15%  larger  beam  size 
than  the  design  value,  and  has  a  large  scalloping  due  to  the 
mismatch  with  the  focusing  field.  The  fatter  beam 
increases  the  coupling  with  the  cavities:  the  measured  gain 
is  about  8  times  larger  than  the  design  value.  The  analysis 
shows  that  the  large  scalloping  pronounces  the  driving 
power  to  the  parasitic  modes  in  the  range  of  21  GHz. 
Further  analysis  and  measurements  are  in  progress. 

Apart  from  the  solenoid-focused  XB72K  series,  KEK 
has  also  started  a  PPM  (periodic  permanent  magnet) 
klystron  development  program.  The  design  parameters  are 
shown  in  the  last  column  of  Table  1.  Its  goal  is  to 
produce  a  75MW  PPM  klystron  with  an  efficiency  of  60 
%  at  1.5  ps  or  longer  pulse.  The  first  PPM  klystron  was 
designed  and  built  by  BINP  in  the  collaboration  with 
KEK.  It  achieved  77  MW  at  100  ns,  but  there  is  a  clear 
sign  of  RF  instability  at  higher  frequencies  (17GHz, 
19.5GHz,  and  21.2GHz).  The  DC  current  monitor  in  the 
collector  shows  about  30  %  loss  of  particle  when  RF  is 
on.  The  remodeling  of  the  BINP  PPM  klystron  has  been 
made:  the  new  buncher  produces  the  RF  current  of  1.62. 
The  inner  walls  of  the  output  cavity  and  every  tube 
between  the  cavities  are  brazed  to  stain-less  steel  to 
dampen  trapped  oscillations.  The  small  solenoid  magnet 
to  control  the  focusing  field  to  stop  the  particle 
interception  replaces  the  periodic  permanent  magnet  at  the 
output  cavity.  The  testing  of  the  rebuild  PPM  klystron 
will  start  from  fall  of  1999. 

2.  RF  WINDOW 

All  the  windows  with  traveling  waves  (TW)  in  the 
dielectric  use  only  one-mode.  Namely,  RF  energy  is 
carried  by  only  one  mode  -  either  TE1 1,  or  TE01 .  The  idea 
exploited  in  the  development  of  a  new  window  is  to 
arrange  the  combination  of  space  harmonics  on  the 
dielectric  surface  so  that  the  electric  field  strength  value 
almost  vanishes  at  the  brazing  area.  At  the  same  time,  the 
mode  propagation  regime  in  the  dielectric  is  maintained  to 
be  close  to  that  of  pure  traveling  waves.  Based  on  this 
idea,  the  windows  for  11424  MHz  have  been  developed 
with  the  dielectric  53  and  64  mm  in  diameter  [3],  The 
permittivity  was  assumed  to  be  equal  to  9.8,  i.e.  that  of 
A1203  ceramics.  The  dielectric  thickness  was  chosen  to  be 


close  to  1/4-wavelength  to  ensure  the  maximum 
bandwidth  and  the  maximum  tuning  away  of  the  operating 
frequency  from  the  "ghost"  modes.  With  the  diameter  53 
mm,  the  dielectric  thickness  becomes  2  mm,  whereas  it  is 
2.15  mm  for  64  mm.  All  the  computations  were  done 
using  HFSS  4.0  code.  The  shapes  of  the  window  with  53 
mm  diameter  is  illustrated  in  Fig.  2. 


Figure  2:  Shape  of  the  TE11+TM11  mixed-mode  type 
window  with  53mm  diameter. 

Figure  3  shows  the  measurement  results  of  ratio  of 
electric  field  at  the  brazing  point  to  that  at  the  ceramic 
center  for  TE11+TM11  mixed-mode  type  window.  The 
electric  field  decreases  toward  the  ceramic  surface  as 
designed.  The  closest  distance  was  limited  by  the  finite 
size  of  the  used  bead.  The  high  power  model  is  now  in 
manufacturing  and  the  testing  will  start  in  summer  1999. 


Figure  3:  Measurement  results  of  ratio  of  electric  field  at 
the  brazing  point  to  that  at  the  ceramic  center  for 
TE11+TM11  mixed-mode  type  window  with  53mm 
diameter. 
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3  DLDS  PULSE  COMPRESSION 

The  Delay  Line  Distribution  System  (DLDS)  was 
invented  by  KEK  for  the  compression  and  distribution  of 
the  RF  power  from  klystrons  to  RF  structures.  In  DLDS, 
the  long  pulse  of  combined  klystron  output  is  subdivided 
into  a  train  of  shorter  pulses  and  each  subpulse  is  delivered 
to  accelerating  structures  through  a  delay  line  distribution 
system.  This  system  utilises  the  delay  of  the  electron 
beam  in  the  accelerator  structure  of  the  linear  collider  to 
reduce  the  length  of  the  waveguide  assembly.  A 
conceptual  improvement  is  proposed  by  SLAC  to  further 
reduce  the  length  of  waveguide  system  by  multiplexing 
several  low-loss  RF  modes  in  a  same  waveguide.  Thus, 
the  subpulse  in  the  distribution  waveguide  is  carried  by 
different  waveguide  modes  so  that  they  can  be  extracted  at 
designated  locations  according  to  their  mode  patterns. 
Based  on  the  SLAC  multi-mode  DLDS,  a  2x2  DLDS  [4] 
is  proposed  at  KEK  for  JLC.  The  advantage  of  2x2  DLDS 
is  that  it's  simple  and  easy  to  be  expended  to  accommodate 
combinations  of  more  klystrons,  and  also  it  has  good 
transmission  efficiency. 

A  test  unit  is  proposed  and  studied  to  verify  the 
principle  of  multi-mode  2x2  DLDS[5],  It  includes  the 
TE01-TE11  mode  launcher,  the  TE01  extractor  and  the 
TE11  to  TE01  converter.  Fig.  5  is  the  schematic  layout  of 
the  unit. 


the  ATF  tunnel  as  the  joint  activity  between  KEK  and 
SLAC.  The  main  purpose  is  to  measure  the  purity  of 
linearly  polarized  TE12  mode  (largeness  of  rotation  and 
conversion  to  other  modes)  in  a  55m  long  waveguide 
whose  diameter  is  4.75  inches.  To  detect  the  change  in  the 
phase  advances  due  to  thermal  expansion  of  waveguide,  a 
special  phase  reference  system  has  been  designed  and  is 
being  manufactured.  The  experiment  is  scheduled  to  be 
conducted  in  summer  1999 


(a)  TE01  mode  input  from  left. 


(b)  TE„  mode  input  from  left. 

Figure  5:  Electrical  field  patterns  in  the  test  unit. 


Figure  4:  Schematic  layout  of  the  basic  2x2  DLDS  unit. 

Fig.  4  shows  the  electric  filed  pattern  propagating  in 
the  system.  The  power  of  TE01  mode  is  extracted  to  a 
parallel  waveguide  with  efficiency  better  than  96%  as 
shown  in  Fig.  4(a),  while  the  power  of  TE01  mode  goes 
through  the  extractor  directly  and  then  is  converted  to 
again  to  TE01  as  shown  in  Fig.  4(b).  The  transmission 
efficiency  is  better  than  95%.  All  the  above  components 
have  been  manufactured.  The  low  power  test  has  been 
conducted.  Figure  6  shows  the  measurement  of  azimuthal 
angle  (along  the  circular  waveguide)  dependence  of  TE11 
mode  from  the  mode  launcher.  It  has  an  almost  pure 
sinusoidal  shape  of  TE1 1  mode  as  designed. 

In  order  to  reduce  the  resistive  loss  in  long  distance 
transmission,  the  low  loss  TE12  mode  is  considered  in  the 
circular  waveguide.  The  experiment  to  test  the  stability  of 
TE12  mode  propagating  for  long  distance  i.e.  its 
sensitivity  to  all  kinds  of  perturbations  is  being  planed  at 
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Figure  6:  Measured  azimuthal  angle  dependence  of  TE11 
mode  from  the  mode  launcher. 
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Abstract 

The  structure  of  the  X-band  main  linac  for  the  linear  collider 
requires  a  stringent  straightness  of  the  order  of  several 
microns.  Especially  the  misalignment  from  cell-to-cell  to 
over  twenty  cells  should  be  minimized.  An  one-shot  diffusion 
bonding  technology  has  been  developed  at  KEK  aiming  at 
this  requirement.  Two  1.3m-long  detuned  structures  have  been 
made  with  a  gentle  bow  of  20  microns.  Recently  the 
technology  was  applied  to  the  main  body  bonding  of  an 
1.8m-long  damped-detuned  structure,  DDS3.  It  resulted  in  a 
much  larger  bow  but  the  cell  misalignment  showed  very 
smooth  behavior  and  can  later  be  corrected  mechanically.  The 
technique  is  being  refined  to  obtain  a  better  performance  of 
the  main  body  of  the  round  DDS  structure,  RDDS1.  In  the 
present  paper  are  described  the  studies  on  the  basic  techniques 
applied  for  DDS3. 

1  INTRODUCTION 

For  preserving  a  very  low  emittance  through  a  linac  for 
linear  collider  in  a  multi-bunch  operation,  it  is  essential  to 
reduce  the  emittance  dilution  due  to  the  long-range 
transverse  wake  field.  For  this  aim,  the  frequencies  of  the 
transverse  modes  in  an  accelerating  structure  should  be 
well  distributed  as  designed  and  also  the  position  of  those 
modes  should  be  located  transversely  within  several 
microns  level. 

Several  detuned  structures  were  fabricated  up  to  now  to 
study  the  feasibility  of  realizing  these  requirements  in  X- 
band  disk-loaded  structures!!].  From  these  experiences,  it 
was  found  that  the  one-shot  diffusion  bonding  technology 
for  joining  the  precisely  machined  cells  to  form  a  solid 
structure  of  one-meter  size  was  very  promising  to  meet 
the  above  requirements [1,2].  These  structures  were  80  mm 
in  diameter  and  1 .3m  in  length.  Frequency  change  due  to 
bonding  was  small  enough  and  the  straightness  were  10  to 
20  pm,  also  satisfying  the  above  requirements. 

However,  we  decided  to  change  the  design  of  the 
structure  to  decrease  the  single-bunch  wake  field  and  to 
reduce  the  number  of  structures  for  a  linac  by  enlarging 
the  beam  hole  aperture  and  making  the  structure  long. 
This  decision  was  made  in  a  collaborative  work  with 
SLAC[3],  The  structure  length  became  1.8m.  We  also 
accepted  the  cell  diameter  of  61  mm  as  a  working 
assumption. 

Though  it  seems  reasonable  to  choose  the  above 
mechanical  parameters,  the  thin  body  makes  the  structure 


stiffness  much  lower  than  before.  The  geometrical 
moment  of  inertia  of  its  cross  section  became  small  by  a 
factor  of  3.  In  addition,  the  long  body  makes  its  bow 
larger.  If  the  structure  is  supported  at  both  ends  in  a 
horizontal  position,  the  sag  due  to  self-weight  becomes 
larger  than  before  by  a  factor  of  8.  Considering  this 
dependence  into  account,  it  was  estimated  that  the 
structure  of  the  present  design  may  suffer  from  a  difficulty 
in  obtaining  a  good  straightness  than  before. 

On  the  other  hand,  we  have  supplied  the  cells  for  two 
1.8m-long  DDS  structures  for  SLAC  with  61  mm  in 
diameter.  In  the  first  step,  each  38-cell  stack  is  bonded 
followed  by  the  second  step,  where  several  stacks  are 
brazed  into  a  structure.  It  suffered  from  kinks  between  38- 
cell  stacks.  In  making  the  third  structure,  DDS3,  we 
agreed  to  apply  the  same  one-shot  bonding  method  for  its 
main  body  formation  to  realize  a  smoother  variation  of 
cell  misalignment.  This  time  LLNL  made  the  cells  where 
such  a  key  characteristics  as  cell  flatness  of  0.5  pm, 
necessary  for  diffusion  bonding,  was  surely  realized  [4]. 

In  the  present  paper,  we  describe  the  studies  and 
measurements  done  for  stacking  and  bonding  cells 
focusing  on  the  cell  misalignment. 

2  STUDY  PROCEDURES 

One  of  the  relevant  issues  of  DDS3  is  the  straightness  of 
the  cells  along  the  structure.  A  tolerance  estimation[5]  for 
the  cell  random  misalignment  along  the  structure  shows 
about  5  pm  rms  misalignment  tolerance  in  a  regime  from 
cell-to-cell  to  over  than  10  cells.  The  tolerance  for  a 
longer  wave  length  in  misalignment  relaxes  as  the  wave 
length  increases.  Moreover,  the  global  bow  with  a  long 
wave  length  can  easily  be  corrected  through  a  mechanical 
measurement  and  forced  bending  before  installation. 
Considering  these  in  mind,  we  set  targets  for  cell  rms 
alignment  of  DDS3  as  (1)  cell-to-cell  alignment  to  a  few 
pm  and  (2)  global  one  to  10  pm. 

A  dummy  structure,  DDS3D1,  was  firstly  fabricated  in 
order  to  confirm  the  method  for  DDS3.  It  was  made 
directly  following  our  previous  technique,  i.e.  stacked  on 
V-block,  axially  compressed  at  about  24  kg,  then  rotated 
to  vertical  position  to  be  one-shot  diffusion  bonded  (DB) 
at  a  high  temperature.  Unfortunately  a  bad  design  of 
jigging  caused  a  big  failure.  Then,  we  tried  to  find  the 
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method  for  obtaining  a  smooth  structure  with  least 
possibility  to  have  fatal  errors  again. 

It  was  known  already  then  through  a  pilot  study  of 
pre-bonding  process  (PB)  that  it  could  make  a  fairly 
smooth  1.8m-long  structure  with  61  mm  in  diameter[6]. 
In  the  method  the  cells  are  bonded  with  axially  pressed  by 
600  kg  force  and  kept  in  a  furnace  at  180  ”C  for  a  day. 
This  makes  the  bonding  between  cells  which  prevents 
further  mutual  movement  in  the  following  process  such  as 
a  final  diffusion  bonding. 

We  decided  to  take  the  advantage  of  this  technique  for 
DDS3.  For  investigating  relevant  parameters  and  getting 
experiences,  we  made  another  dummy  structure,  DDS3D2, 
before  making  DDS3.  Following  table  shows  the 
processes  for  those  structures  and  some  of  results  on 
misalignment  of  cells. 


Table  1  List  of  processes  for  three  structures. 


Structure 

DDS3D1 

DDS3D2 

DDS3 

Cell 

Cylindrical 

3D 

3D 

V  block 

Granite 

Cr  /  Fe 

Cr/Fe 

1st  Bonding 

DB 

PB 

PB 

2nd  Bonding 

None 

DB 

DB 

Inclination 

<0.2  mrad 

~0.5mrad 

-1  mrad 

Bow(P-V) 

-10  mm 

0.5  mm 

0.23  mm 

cell-to-cell(rms.) 

- 

- 

<  1  pm 

DB=diffusion  bonding  at  890  "C,  PB=pre-bonding  at  180  "C  for  two 
days. 


Fig.  1  Stacking  set  up  in  a  clean  room. 


Fig.  2  Alignment  measurement  setup.  Left:  Capacitive 
sensors  running  along  the  V-block.  Right:  Vertically 
standing  situation  to  measure  the  gap  to  a  stretched  wire. 


A  schematic  drawing  of  the  set  up  for  stacking  and 
measurement  is  shown  in  Fig.  1 .  The  cells  are  stacked  on 
a  slanted  V-block,  typically  at  60  degrees  from  horizontal, 
where  the  cell  misalignment  is  also  measured  by  running 
two  capacitive  gap  sensors  along  the  V-block  as  shown  in 
Fig.  2(Left).  The  stacked  cells  and  bonded  ones  are  also 
measured  in  a  vertical  position  by  measuring  the  gap 
between  the  cells  and  a  vertically  stretched  wire.  These 
configurations  are  shown  in  Fig.  2(Right). 

3  RESULTS 

The  quality  of  cells  in  three  structures  were  similar;  i.e. 
flatness  of  cells  were  mostly  less  than  0.5  pm  as  shown 
in  Fig.  3. 


Flatness  [micron] 

Fig.  3  Flatness  of  DDS3  cells.  Average  value  and  standard 
deviation  are  0.36  and  0.20  pm,  respectively. 


Fig.  4  Typical  alignment  of  cells  of  DDS3  after  stacking. 
Transverse  constraint  was  applied  during  measurement. 


Fig.  5  Misalignment  of  cells  after  pre-bondingof  DDS3. 

Fig.  4  shows  a  typical  example  of  the  cell  alignment 
of  DDS3  just  after  stacking  on  a  slanted  V-block.  A 
constraint  against  the  transverse  motion  of  cells  was 
applied  by  Viton  plates  backedby  stainless  plates.  In  this 
case,  the  stacked-cell  pillar  was  stable  even  if  axial  force 
of  100  kg  was  applied. 
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However,  after  pre-bonding  process,  the  alignment  of 
the  structure  became  as  shown  in  Fig.  5,  where  the 
alignment  pattern  changes  by  a  few  tens  of  microns.  This 
measurement  was  performed  by  reducing  the  axial  force  to 
100  kg.  After  diffusion  bonding,  the  alignment  became  as 
shown  in  Fig.  6,  where  the  structure  was  supported  at  two 
Bessel  points  without  any  axial  force.  Much  larger  global 
bow  of  about  230  pm  was  found  to  be  in  a  plane,  almost 
horizontal  direction  w.r.t.  V-block. 

The  bow  is  huge  but  the  random  cell-to-cell 
alignment  is  less  than  1  micron  (rms)  as  shown  in  Fig.  7, 
where  the  slowly  varying  part  from  Fig.  6  was  subtracted 
through  a  third-order  polynomial  fitting. 


Fig.  6  Misalignment  of  cells  after  diffusion  bonding  of 
DDS3. 


DDS3  difference  between  adjacent  cells 


M1(i)-  Ml (i-1)  [micron] 


Fig.  7  Distribution  of  random  cell-to-cell  misalignment  of 
DDS3  cells  in  a  direction  of  one  of  the  sensors. 


Fig.  8  Inclination  of  the  lastly-stacked  cell  on  top. 
Negative  values  mean  falling  down  towardsV-block. 

An  important  issue  was  discussed  after  SLAC's 
measurement  of  a  big  bookshelf  of  the  order  of  500  prad 
in  DDS3[7].  The  observed  bookshelf  seems  consistent 
within  a  factor  of  two  to  the  measured  inclination  of  the 
top  cell  while  stacking  shown  in  Fig.  8.  It  is  to  be  noted 


that  the  inclination  in  the  case  of  DDS3D1  did  not  show 
the  similar  pattern,  while  it  did  in  the  DDS3D2  case, 
indicating  the  cause  from  the  different  processes  before 
bonding.  The  relevant  differences  between  the  two  cases 
are  such  as  material  of  V-block  and  cylindrically 
symmetry  of  the  cells,  which  should  be  studied  in  future. 

4  SUMMARY  AND  DISCUSSION 

Much  experience  was  obtained  through  the  three  structure 
fabrications  and  these  are  feedback  to  the  studies  towards 
an  on-going  program,  RDDS1. 

The  DDS3  main  body  bonding  was  successfully 
done  with  applying  the  pre-bonding  process  followed  by  a 
high-temperature  diffusion  bonding.  The  structure  became 
smoothly  bent  with  a  maximum  of  230  pm  in  a  plane  but 
the  random  cell-to-cell  slippage  was  less  than  1  pm  (rms). 
These  features  satisfy  the  required  cell  alignment  tolerance 
because  mechanical  straightening  can  be  performed. 
Howeversuch  a  straightening  by  a  factor  more  than  10  is 
probably  too  much  so  that  we  should  develop  a  method 
to  make  a  structure  with  a  bow  at  most  several  tens  of 
microns. 

The  bookshelving  became  as  large  as  lmrad  in  DDS3. 
Mechanism  and  cures  should  be  studied  to  suppress  it 
down  to  a  tolerable  level  of  50  prad. 

Now  we  are  preparing  theRDDSl  following  basically 
the  same  technology.  So  it  may  refrain  the  same  bad 
features  but  the  fabrication  is  planned  to  proceed  more 
carefully  such  as  by  (1)  checking  the  inclination  in  both 
directions,  (2)  checking  bookshelf  not  only  at  the  top  cell 
but  also  at  the  already  stacked  cells,  (3)  stacking  cells  on  a 
more  stable  base,  (4)  pressing  axially  with  less  transverse 
component  and  (5)  making  a  better  transverse  constraint. 
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Abstract 

The  high  accelerating  gradients  required  for  future  linear 
colliders  demands  a  better  study  of  field  emission  and  RF 
breakdown  in  accelerator  structures.  Changes  in  structure 
geometry,  vacuum  pumping,  fabrication  methods,  and 
surface  finish  can  all  potentially  impact  the  conditioning 
process,  dark  current  emission,  and  peak  RF  power 
handling  capability.  Recent  tests  at  SLAC  of  KEK’s 
“M2”  travelling  wave  x-band  accelerator  section  provides 
an  opportunity  to  investigate  some  of  these  effects  by 
comparing  its  performance  to  previously  high  power 
tested  structures  at  SLAC  [1,2].  In  addition  to  studying 
ultimate  power  limitations,  this  test  also  demonstrates  the 
use  of  computer  automated  conditioning  to  reach 
practical,  achievable  gradients. 

1  ACCELERATOR  STRUCTURE 

The  design  parameters  of  the  M2  accelerating  section  are 
outlined  in  Table  1 .  The  structure  cells  were  manufactured 
by  diamond  turn  machining,  assembled  in  a  clean  room, 
and  diffusion  bonded.  Complete  details  of  the  fabrication 
process  are  described  in  the  KEK  JLC  Design  Report  [3]. 
For  comparison,  an  earlier  tested  1.8m  SLAC  x-band 
section  (DS1)  was  built  with  conventional  machining, 
assembled  with  little  control  over  cleanliness,  and  brazed 
using  standard  techniques. 


Table  1:  M2  Design  Parameters. 


Structure  Type 

Detuned 

Length 

1.31m 

Cell  Number 

150 

Phase  Advance/Cell 

2tU3 

Iris  Aperture  Diameter 

5.35-3.67  mm 

Cavity  Diameter 

22.5-21.3  mm 

Disk  Thickness 

0.966-2.39  mm 

Group  Velocity 

1.03c-0.020c 

Filling  Time  (measured) 

113  ns 

Attenuation  Parameter 

0.609 

Shunt  Impedance  R0 

79  MO/m 

Average  Q 

6300 

Peak  Power  for  73  MV/m 

130  MW 

E„lri/Earr _ 

2.15 

Just  prior  to  high  power  testing,  the  structure  was  baked 
at  250°C  for  2  days.  It  had  been  stored  under  vacuum  of 
10'9  torr  for  approximately  24  months  after  a  wakefield 
ASSET  [4]  test  conducted  at  SLAC  in  Aug.  1996. 

2  TEST  FACILITY 

Two  50  MW  x-band  klystrons  operating  at  1 1 .424  GHz 
and  1  ps  pulse  width  combine  in  a  magic  tee  to  feed  a 
SLED-II  pulse  compression  system.  The  output  150  ns  rf 
pulse  then  feeds  the  accelerator  structure  test  area 
(ASTA).  All  system  components  before  the  accelerator 
structure  were  previously  tested  to  more  than  300  MW  at 
this  pulse  width  at  a  repetition  rate  of  60  Hz  [5],  At  this 
power,  the  average  accelerating  field  in  the  M2  structure 
would  be  well  over  100  MV/m. 

Pairs  of  vacuum  pumps  located  near  the  input  and 
output  couplers  monitor  gas  activity.  Since  there  is  no 
pumping  in  the  structure  cells,  these  pumps,  along  with 
the  beam  line  pump,  supply  the  limited  pumping  speed  for 
the  bulk  of  the  structure. 

SLED  and  structure  input  powers  are  measured  with  a 
HP  peak  power  meter.  A  crystal  detector  measuring 
reflected  power  is  interlocked  to  remove  triggers  to  the 
low-level  drive  of  the  klystrons  for  reflected  peak  power 
exceeding  5  MW.  This  interlock  is  meant  to  protect  the 
klystron  windows  but  it  also  prevents  large  gas  bursts  in 
the  accelerator  structure  caused  by  multiple  arcing. 

One  downstream  faraday  cup  measures  dark  current 
and  another  off-axis  faraday  cup  measures  the  dark 
current  energy  spectrum  using  a  spectrometer.  Radiation 
levels  are  monitored  with  3  scintillators  along  the 
structure  and  a  calibrated  radiation  meter  measures 
contact  levels  at  the  input  or  output  ends. 

3  EXPERIMENTAL  RESULTS 

3. 1  Conditioning  Summary 

Over  the  several  week  test,  the  high  voltage  running  time 
meter  logged  more  than  560  hours  of  which  an  estimated 
440  hours  can  be  considered  as  actively  processing.  At 
the  60  Hz  repetition  rate,  this  time  gives  approximately 
lx  10s  total  pulses — a  factor  of  4-5  greater  number  of 
pulses  than  in  previous  structure  tests  at  SLAC. 


Work  supported  by  the  Department  of  Energy,  contract  DE-AC03-76SF00515. 
*Email:  loewen@slac.stanford.edu 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 


3420 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


A  PC  system  running  LabVIEW  handled  the  majority 
of  processing  by  adjusting  power  levels  based  on  structure 
vacuum  and  reflected  arc  interlock  trips.  Details  of  the 
algorithm  are  beyond  the  scope  of  this  paper  but  the 
overall  strategy  for  conditioning  remained  consistent 
between  operator  and  computer  control.  The  first  100 
hours  were  mainly  processed  by  hand  to  the  60  MV/m 
level.  During  this  time,  as  indicated  in  Fig.  1,  the  SLED 
compression  was  not  phased  for  maximal  gain  in  order  to 
allow  average  power  heating  to  help  outgas  the  structure. 


200 


Time  (hrs) 


Figure  1 :  M2  active  processing  history. 

Even  at  a  conservative  pace,  only  20  hours  were 
required  to  reach  50  MV/m  average  gradient  and  the 
structure  suffered  only  a  handful  of  reflected  power  trips 
due  to  rf  breakdown.  At  higher  powers,  once  arcing 
started,  gas  bursts  and  vacuum  recovery  limited  progress. 
After  the  first  150-200  hours,  gas  activity  associated  with 
breakdown  became  quite  negligible  and  only  reflected 
trips  prevented  advancement.  Although  progress  slowed 
dramatically,  continued  processing  still  seemed  to  increase 
achievable  peak  power.  Reversing  the  axes  of  the 
previous  plot  reveals  an  exponential  behaviour. 


Figure  2:  Time  required  to  reach  desired  gradient  using 
monotonic  envelope  from  Fig.  1. 


3.2  High  Gradient  Performance 

At  the  end  of  testing,  average  gradients  reached  85  MV/m 
and  was  sustainable  for  -10  seconds  before  arcing.  At  75 
MV/m,  however,  the  structure  ran  for  one  hour  without 
any  arc  trips.  Previous  tests  of  SLAC’s  1.8m  DS1 
structure  reached  gradients  of  only  68  MV/m  and  were 
limited  by  available  power.  Both  structures  showed 
similar  patterns  in  processing  difficulty,  dark  current 
emission,  and  dark  current  energy  spectrum.  Figure  3 
compares  the  two  structure’s  peak  dark  current  readings 
from  the  downstream  faraday  cup.  To  evaluate  the  real 
difference  between  the  two  curves,  corrections  must  be 
made  for  structure  length,  iris  size,  and  cut-off  hole  size. 
Estimating  these  corrections,  the  structures  may  be  within 
a  factor  of  2,  with  the  leftover  difference  most  likely 
attributable  to  cleanliness. 

The  dark  current  measured  at  a  particular  gradient  did 
not  steadily  improve  during  processing  as  was  witnessed 
in  the  DS1  tests.  The  M2,  however,  was  constantly  being 
pushed  to  reach  higher  power.  Also  note  that  the  M2  dark 
current  appears  to  deviate  from  expected  values  at  very 
high  gradients. 


Average  Accelerating  Gradient  (MV/m) 

Figure  3:  M2  and  DS1  dark  current  comparison. 

3.3  Visual  Inspection 

A  conservative  estimate  of  3000  arcs  occurred  at  average 
gradients  over  50  MV/m.  Once  the  high  power  test 
finished,  the  structure  was  visually  inspected  with  a 
horoscope  to  evaluate  the  extent  of  damage  to  the  cells. 

Figure  4  compares  sections  of  input  and  output  cell 
irises.  The  output  end  showed  no  discernible  damage  to 
the  cells;  the  copper  still  had  a  polished  surface  with  grain 
boundaries  easily  identified.  In  marked  contrast,  the  input 
cells  were  heavily  damaged  (but  only  the  first  30  cells 
could  be  viewed);  the  cell  irises  were  completely  pitted 
with  no  signs  of  the  original  machined  surface  finish 
remaining.  Both  ends  of  the  structure  reached  equivalent 
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average  gradients,  but  the  dynamics  of  rf  breakdown  seem 
to  protect  the  downstream  cells  from  arcing  at  the  expense 
of  cells  upstream. 


Figure  4:  Typical  cell  irises  near  input  (left)  and  output 
(right)  of  structure. 

3.4  RF  Evaluation 

Degradation  in  rf  performance  was  evaluated  by  bead-pull 
measurements  [6]  before  and  after  high  power  testing. 
Figure  5  plots  the  integrated  phase  error  of  the 
accelerating  mode  as  a  function  of  position  along  the 
structure.  The  most  dramatic  changes  occurred  at  the 
beginning  cells  in  agreement  with  the  visual  evidence. 


Figure  5:  Accumulated  phase  advance  error  measured  as  a 
function  of  distance  along  structure. 

Figure  6  uses  the  group  velocity  along  the  structure  to 
plot  the  associated  change  of  frequency  in  each  cell.  Cell 
to  cell  variation  is  due  to  uncertainties  in  measurement  but 
an  average  of  1  MHz  shift  over  the  entire  structure  results 
in  the  observed  30°  total  phase  shift.  The  change  in 
frequency  is  equivalent  to  a  copper  layer  of  several 
microns  being  removed  from  the  iris  surface.  The  exact 
nature  of  the  frequency  shift  is  still  being  investigated. 


Figure  6:  Frequency  shift  per  cell  as  a  function  of  position 
along  structure. 


4  SUMMARY 

The  M2  structure  test  achieved  several  milestones:  with 
the  aid  of  computer  assisted  processing,  the  total  number 
of  integrated  pulses  in  conditioning  approached  1x10s; 
stable  and  achievable  gradients  of  75  MV/m  were 
demonstrated  in  a  usable  accelerator  structure;  and  the 
effects  of  intensive  conditioning  were  easily  seen  and 
quantified.  As  a  result,  tests  at  SLAC  are  underway  to 
better  understand  arc  formation  and  the  mechanism  of  rf 
breakdown,  particularly  in  long  structures. 
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Abstract 

For  more  than  ten  years,  we  have  been  working  on  R&D 
for  X-band  accelerator  structures  for  the  JLC/NLC  linear 
collider.  Several  types  of  Detuned  (DS)  and  Damped 
Detuned  Structures  (DDS)  have  been  successfully 
designed  and  fabricated.  They  have  been  experimentally 
tested  at  both  low  power  and  high  power  to  characterize 
their  mechanical  and  electrical  properties.  Recently  we 
started  developing  a  new  type  of  damped  detuned 
structure  with  optimized  round-shaped  cavities  (RDDS). 
This  paper  discusses  the  special  specifications,  design 
methods,  fabrication  procedures,  measurement 
technologies,  and  anticipated  future  improvements  for 
all  these  structures. 

1  REQUIREMENTS  OF  STRUCTURES 
FOR  LINEAR  COLLIDERS 

The  critical  requirements  for  the  next  generation  of 
linear  colliders  are  high  luminosity  and  high  RF 
efficiency.!  1]  We  need  to  design  the  accelerator 
structures  to  control  short  and  long  range  transverse 
wakefields  to  ensure  the  preservation  of  low  emittance 
for  multi-bunch  beams.  The  suppression  of  the  deflecting 
modes  is  achieved  through  precision  alignment  of  cells 
and  by  detuning  and  damping  higher  order  modes.  We 
have  to  design  and  fabricate  the  accelerator  structures 
for  reliable  high-gradient  operation  in  order  to  optimize 
the  linac  length  and  cost.  The  increase  in  RF  breakdown 
threshold  and  suppression  of  field  emission  current  is 
achieved  through  optimized  cell  design,  advanced 
machining,  processing  and  handling  techniques. 

2  STRUCTURE  TYPES  -  A  BRIEF 
HISTORY 

Starting  in  1988,  we  studied  various  damped  structures, 
which  can  heavily  damp  (external  2,<10)  higher  dipole 
modes.  We  made  computer  simulations,  microwave  tests 
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and  theoretical  analyses  on  the  disk-loaded  waveguide 
structures  with  radial  slots  in  the  disks  and/or  radial 
rectangular  waveguides  in  the  cavity  walls,  azimuthal 
waveguide  structures.  [2]  Due  to  the  fabrication 
complexity  of  those  heavily  damped  structures  (HDS),  in 
1990  we  began  to  explore  the  detuned  structure  (DS)  in 
which  the  frequencies  of  HOMs  differ  sufficiently  from 
cell  to  cell  that  the  wakefields  decohere  rapidly.  The 
experimental  measurements  of  beam-excited  wakefields 
in  a  50-cavity  detuned  structure  in  1991  [3]  encouraged 
us  to  design  the  first  1.8m  full  length  detuned  section 
(DS1).  Its  cell  radii,  iris  radii  and  disk  thicknesses  were 
varied  smoothly  (in  a  Gaussian  distribution).  This  section 
was  constructed  and  an  accurate  wakefield  measurement 
(ASSET)  was  done  in  1994.  [4]  The  wake  recohered  after 
a  few  meters  because  the  mode  distribution  was  discrete. 
The  suppression  of  the  wake  reappearance  can  be 
obtained  by  providing  a  moderate  damping  via  vacuum 
manifolds.  As  a  joint  effort,  the  first  damped  detuned 
section  (DDS1)  was  completed  in  1996.  [5]  Figure  1 
shows  the  calculated  wakefields  for  the  above  two  types 
of  structures.  After  DDS1,  two  more  DDS  sections  were 
built  by  an  improved  fabrication  method  with  better 
pumping  and  HOM  matching.  In  order  to  increase  the  RF 
efficiency,  we  are  developing  a  new  type  of  damped 
detuned  structure  with  optimized  round-shaped  cavities 
(RDDS),  which  will  lead  to  the  final  design  for  the 
JLC/NLC  main  linac  structure.  In  summary,  the 
accelerator  parameters  and  test  data  for  all  major 
sections  are  listed  in  Table  1 . 


100. 


s(m) 

Figure  1:  Wakefield  Profiles  for  Detuned  Structure  and 
Damped  Detuned  Structure 
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Table  1.  Characteristics  of  Structures 


Structures  Name 


Old  Names 


Structure  Type 


Number  of  Cells 


Cell  Shape 


Phase  Advance 
Per  Cell 


HOM  Manifold 
Shape/ 

Size(mm) _ 

Iris  Diameter, 

2a  (mm) 


Cell  Diameter, 

2b  (mm) _ 

<a  >IX 


Constant 

Impedance 


0.75 


86 


Shunt  Impedance 
r  (Mfl/m) 


<Q>,  Fundamen¬ 
tal  Mode 


Lowest  Dipole 
Band  Detuning, 

AW<f,> 


Detuning  Stan¬ 
dard  Deviation, 

<V<f,> 

Attenuation,  x 


Ep/E, 

Machining 

Method 


Cell  Joint 
Method 


Completion  Time 

Wakefield 

Measurement 


DS1 

DS2 

MARK-1 

DTI 

MARK-2 

DT2 

Detuned 

Detuned 

DDS3  RDDS1 


DDS5 


Damped 

Detuned 


1.8 


206 


DLWG 


Damped 

Detuned 


1.8 


206 


DLWG 


Damped 

Detuned 


1.8 


206 


DLWG 


Damped 

Detuned 


1.8 


206 


Optimize 

d 


2n/3 
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3  DESIGN  METHOD 

Through  a  decade  of  working  on  various  structures  we 

have  developed  successful  design  procedures  to:  [6]  [7]  [8] 

•  Choose  the  basic  accelerator  parameters  such  as 
length,  filling  time  and  attenuation  factor  based  on 
the  rf  source  and  system. 

•  Choose  iris  size  and  dipole  detuning  distribution 
based  on  beam  emittance  and  wakefield  suppression 
requirements. 

•  Optimize  cavity  shape  for  best  shunt  impedance, 
r/Q  and  low  peak  surface  field. 

•  Calculate  wakefield  from  a  equivalent  circuit  and 
spectral  function  analysis  using  optimised  HOM 
coupling  slots  and  manifold  size. 

•  Create  cell  dimension  tables  using  high  accuracy  3D 
modelling  for  typical  cells. 

•  Design  and  simulate  special  portions  of  the  structure 
like  the  input  and  output  fundamental  couplers  and 
HOM  couplers. 

•  Fabricate,  mechanical  QC  and  microwave  QC 
typical  cells  and  special  coupler  parts  for  final 
corrections  of  their  essential  geometries. 

•  Perform  mechanical  design  to  ensure  electrical 
properties  and  manufacturability. 


Figure  2:  Disks  for  RDDS 1  Structure 


4  FABRICATION  METHOD 

A  typical  sequence  follows.  Disks  and  cells  are  rough- 
machined  using  regular  lathes  and  milling  machines  with 
more  than  50  pm  of  extra  copper  left  on  all  surfaces 
except  coupling  slots  and  manifolds.  Final  machining  is 
done  using  single  crystal  diamond  turning  with  sub¬ 
micron  accuracies  and  50  nm  surface  finishs.  After 
careful  cleaning  with  ozonized  pure  water  rinsing,  the 
cells  are  stacked  in  a  V-block  of  a  special  stacking 
fixture.  The  whole  stack  is  pre-bonded  at  180°  C  and 
final  diffusion  bonded  at  890°  C.[9]  Final  assembly 
including  WR90  waveguides  for  fundamental  mode  and 
WR62  waveguides  for  HOM,  flanges,  and  vacuum  ports 
are  brazed  in  a  hydrogen  furnace  at  1020°  C.  The  brazed 
section  is  installed  in  a  strongback  for  final  mechanical 
measurement  and  straightening  in  CMM  machine. 


Figure  2:  DDS3  Structure 


5  CHARACTERIZATION  TECHNIQUES 

We  have  built  several  set-ups  and  facilities  to  evaluate 
the  microwave  properties  and  check  the  performance  of 
various  accelerator  parts  and  sections. 

•  During  fabrication  we  use  two  single  cell  microwave 
QC  set-ups  (one  for  the  accelerating  mode  and  one  for 
the  dipole  modes)  and  a  stack  microwave  QC  set-up. 

•  At  final  assembly,  a  semi-automated  bead  pulling 
system  gives  a  measurement  of  the  field  phase 
and  amplitude  along  the  accelerator  sections. 

•  ASSET  is  used  for  wakefield  and  beam-based 
alignment  experiments. 

•  NLC  Test  Accelerator  and  ASTA  are  used  for  high 
power  tests  and  beam  acceleration  experiments.  [10] 

6  FUTURE  R&D  PLANS 

We  are  making  a  schedule  to  design  and  fabricate  more 
sections  in  order  to  finalize  the  JLC/NLC  accelerator 
structure  design  and  to  study  the  manufacturability  for 
low  cost  mass  production  of  about  ten  thousand 
accelerator  sections.  The  following  are  our  main  tasks: 

•  Design  of  more  compact  fundamental  couplers  with 
reduced  and  symmetric  fields. 

•  Damping  of  all  dipole  modes  in  the  output  end. 

•  Wakefield  simulation  and  analysis  for  high  order 
deflecting  modes. 

•  More  detailed  tolerance  studies  and  application  of  the 
feedforward/feedback  technique  for  large  acceptance 
of  mass  production  parts. 

•  Surface  cleanliness  techniques  and  high  gradient 
considerations. 

•  More  diffusion  bonding  studies  to  understand  dimen¬ 
sional  stability  during  high  temperature  processing. 

•  Automation  for  cell  stacking  and  assembly  lines. 
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Abstract 

A  high  power  RF  coupler  connecting  WR90  rectangular 
waveguide  to  the  disc  loaded  waveguide  accelerating  struc¬ 
ture  of  NLC  is  described.  The  coupler  design  is  symmetric 
and  free  of  beam  deflecting  field  components.  It  makes  an 
efficient  electrical  match  between  the  rectangular  waveg¬ 
uide  power  feed  and  the  accelerator  structure  while  keep¬ 
ing  electrical  surface  field  enhancement  low.  Electrical 
and  mechanical  design  of  the  coupler  are  presented  as  well 
as  quantitative  comparisons  between  numerical  simulation 
and  low  power  cold  test  models. 

1  DESIGN  REQUIREMENTS  AND 
EVOLUTION 

One  important  component  of  any  accelerating  structure  is 
the  fundamental  mode  input  coupler.  It  must  provide  a 
perfect  match  at  the  correct  frequency  between  rectangular 
waveguide  and  the  accelerating  structure.  To  preserve  low 
emittance  in  multi-bunch  beams,  rf  field  and  phase  must  be 
made  symmetric  across  the  coupling  cavity  to  avoid  trans¬ 
verse  deflections.  To  reduce  manufacturing  cost  and  im¬ 
prove  mechanical  stability,  the  design  should  be  compact. 
Our  previous  coupler  designs  for  NLC  drove  the  coupling 
cavity  through  separate  waveguides  which  were  costly  to 
manufacture  and  difficult  to  tune  for  perfect  symmetric 
matching  after  assembly.  The  starting  point  for  our  present 
design  was  the  DESY  input  coupler  [1].  A  set  of  initial 
dimensions  for  the  coupling  cavity  and  iris  were  based  on 
previous  NLC  coupler  designs.  These  were  then  adjusted 
during  numerical  simulations  and  later  during  cold  test  of 
prototype  couplers. 

2  MECHANICAL  LAYOUT 

Fig.  1  shows  the  coupler  geometry  with  rf  dimensions  in 
mm  for  11.424  GHz.  The  rf  design  was  separated  into 
an  upper  T  branched  WR90  rectangular  waveguide  and  a 
lower  symmetric  side  coupled  accelerating  cavity.  The  cou¬ 
pler  is  machined  from  a  single  block  of  copper  (ASTM  F- 
68  MET  Class  2).  A  10  mm  thick  cover  plate  is  then  hydro¬ 
gen  furnace  brazed  over  the  coupler  front.  To  accommo¬ 
date  machining  tolerances,  the  cavities’  final  rf  impedance 
match  will  be  adjusted  by  local  deformation  of  cylindrical 
walls  in  the  coupler  and  the  following  two  cavities.  Thin 
easily  deformable  regions  in  these  walls  will  be  created  by 
drilling  blind  radial  holes  (not  shown).  Small  stud  screws 
will  be  brazed  to  the  ends  of  these  holes  for  pulling  and 
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Figure  1 :  Input  coupler  geometry. 


pushing  so  cavity  resonant  frequency  can  be  both  lowered 
as  well  as  raised. 

3  NUMERICAL  SIMULATION 

The  matching  and  tuning  of  the  compact  RDDS1  coupler 
structure  is  divided  into  two  parts,  namely,  matching  of 
the  coupler  cavity,  and  matching  of  the  T-junction  used  for 
splitting  the  input  power  into  two  arms  which  feed  the  cou¬ 
pler  cavity.  The  separation  between  the  coupler  cavity  and 
T-junction  is  chosen  long  enough  that  effects  of  evanescent 
modes  in  connecting  waveguides  can  be  ignored.  Thus 
overall  matching  can  be  achieved  by  matching  each  part 
individually. 

3. 1  Matching  and  Tuning  of  the  Coupler  Cavity 

The  matching  and  tuning  of  the  RDDS  coupler  is  achieved 
by  adjusting  the  coupler  cell  diameter  2b,  the  matching  iris 
aperture  w,  and  the  terminated  position  of  the  waveguides 
s.  (See  Fig.  1.)  The  numerical  procedure  for  achieving  this 
has  been  studied  previously  [2].  Here,  a  new  time-domain 

'RDDS  stands  for  Round  Damped  Detuned  Structure.  The  accelerat¬ 
ing  structure  is  a  sequence  of  toroidal  rounded  cavities  with  dimensions 
chosen  to  detune  higher  order  modes  and  damping  slots  to  attenuate  them. 
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Figure  2:  A  4-cell  geometry  for  the  coupler  structure. 

electromagnetic  code,  Tau3  [3],  is  employed  for  the  numer¬ 
ical  simulation.  Tau3  uses  an  unstructured  grid  to  model 
the  exact  curvatures  of  the  structure.  Fig.  2  shows  the  3- 
dimensional  model  of  the  coupler  structure  using  such  an 
unstructured  grid.  The  model  consists  of  two  coupler  cells 
attached  to  identical  input  and  output  rectangular  waveg¬ 
uides  and  two  regular  accelerator  structure  cells.  Taking 
advantage  of  symmetry,  only  one  half  of  the  structure  needs 
to  be  simulated.  The  transmission  properties  of  the  struc¬ 
ture  are  determined  by  driving  the  TEio  mode  at  the  input 
rectangular  waveguide.  The  reflection  coefficient  at  the  in¬ 
put  waveguide  and  the  transmission  coefficient  at  the  out¬ 
put  waveguide  are  computed  once  steady  state  is  reached. 

The  reflection  coefficient  for  the  matched  coupler  is 
found  to  be  0.005  at  11.424  GHz.  The  amplitude  and 
phase  of  the  longitudinal  electric  field  along  the  axis  for 
the  matched  coupler  are  shown  in  Fig.  3.  Field  gradient  is 
about  15%  higher  in  the  coupler  cell  than  in  the  structure 
cells.  The  phase  changes  in  the  coupler  and  regular  cells 
are  60°  and  120°  respectively,  indicating  a  traveling  wave 
with  the  correct  phase  advance  of  120°  per  cell  from  cou¬ 
pler  to  coupler. 

3.2  Matching  of  T-junction 

Figure  4  shows  the  3-dimensional  model  of  the  T-junction 
used  for  Tau3  simulations.  Again  because  of  symmetry, 
only  one  half  of  the  structure  is  simulated.  The  T-junction 
requires  a  post  to  improve  the  impedance  match  and  a  tran- 


Figure  3:  Longitudinal  electric  field  along  the  axis 


Figure  4:  Geometry  of  the  T-junction. 
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Figure  5:  Sn  spectrum  of  the  T-junction. 


sition  step  from  the  WR90  waveguide  to  the  coupler  thick¬ 
ness.  The  matching  requirement  of  0.01  reflection  over 
a  200  MHz  bandwidth  centered  at  1 1 .424  GHz  was  met 
by  adjusting  the  radii  and  locations  of  the  post  and  step  in 
the  Tau3  simulation.  Fig  5  shows  that  the  reflection  coeffi¬ 
cient  5n  at  the  WR90  input  reaches  a  minimum  of  0.007 
at  1 1 .424  GHz.  Also  plotted  are  the  results  of  simulation 
using  the  HFSS  code. 

4  COUPLER  COLD-TEST 
MEASUREMENTS 

Final  dimensions  for  the  coupling  iris  w  and  cavity  diame¬ 
ter  2b  are  determined  by  cold-testing.  We  start  with  a  cou¬ 
pler  assembly  with  excess  metal  (150  -  200  /im)  in  both  w 
and  2b.  A  stack  of  15  traveling-wave  cavities  is  clamped  to 
the  back  of  the  coupler  to  provide  a  matching  structure.  A 
shorting  plunger  selectively  detunes  particular  cells  while  a 
network  analyzer  measures  the  reflection  coefficient.  By  it¬ 
eratively  machining,  tuning  the  cell  stack  and  remeasuring, 
an  optimum  set  of  dimensions  is  determined. 

Kyhl’s  method  [4]  is  used  to  evaluate  coupling  vs.  tuning 
based  on  reflected  phase  at  three  frequencies  calculated  for 
the  7r/2  mode  and  the  desired  2ir/3  modes.  This  method 
works  reasonably  well  but  an  arbitrary  reference  of  the  cou¬ 
pler’s  shorting  position  and  unknown  calculational  errors 
in  the  7r/2  mode  frequency  lead  to  some  uncertainty.  For 
this  reason  a  time-domain  measurement  was  also  done  as 
a  cross  check.  A  broadband  display  in  the  frequency  do¬ 
main  provides  the  ability  to  analyze  the  effects  of  a  short 
pulse  of  rf  as  it  reflects  off  the  coupler  before  interfering 
with  the  large  mismatch  at  the  end  of  the  cell  stack.  Al¬ 
though  this  method  cannot  distinguish  cell  tunning  mis¬ 
matches  from  coupling  mismatches,  it  provides  a  clear  un¬ 
ambiguous  measurement. 

An  important  caveat  to  the  time-domain  procedure  is  the 
requirement  that  the  cell  stack  is  uniformly  tuned.  Inad¬ 
vertent  stagger  tuning  of  the  stack  could  cancel  a  coupler 


Figure  6:  Coupler  VSWR  in  the  time  domain. 


mismatch.  The  RDDS  structure  has  allowance  for  tuning 
only  the  first  two  cavities  behind  the  coupler.  Therefore 
as  a  final  check,  we  randomly  shuffled  the  cells  in  a  tuned 
stack  and  verified  the  optimum  coupler  match  by  slight  ad¬ 
justment  of  the  first  two  cavities.  Fig.  6  illustrates  the  fi¬ 
nal  time-domain  measurement.  After  an  initial  reflection 
of  high  frequency  components  in  the  rise-time  of  the  pulse, 
the  coupler  settles  down  to  a  VSWR  of  1 .02  before  the  end 
of  the  pulse  is  reached  8  ns  later. 
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Abstract 

We  report  progress  on  the  design  of  the  Next  Linear 
Collider  (NLC)  Damping  Rings  complex  (DRC)  [1].  The 
purpose  of  the  DRC  is  to  provide  120  Hz,  low  emittance 
electron  and  positron  bunch  trains  to  the  NLC  linacs  [2],  It 
consists  of  two  1.98  GeV  main  damping  rings,  one 
positron  pre-damping  ring,  two  pairs  of  bunch  length  and 
energy  compressor  systems  and  interconnecting  transport 
lines.  The  2  main  damping  rings  store  up  to  0.8  amp  in  3 
trains  of  95  bunches  each  and  have  normalized  extracted 
beam  emittances  ye*  =  3  pm-rad  and  yty  =  0.03  pm-rad. 
The  preliminary  optical  design,  performance 
specifications  and  tolerances  are  given  in  [1],  Key 
subsystems  include  1)  the  714  MHz  RF  system  [3],  2)  the 
60  ns  risetime  injection  /  extraction  pulsed  kicker  magnets 
[4],  3)  the  44  m  wiggler  magnet  system,  4)  the  arc  and 
wiggler  vacuum  system,  5)  the  radiation  management 
system,  6)  the  beam  diagnostic  instrumentation,  7)  special 
systems  used  for  downstream  machine  protection  and  8) 
feedback-based  stabilization  systems.  Experience  at  the 
SLAC  Linear  Collider  has  shown  that  the  NLC  damping 
rings  will  have  a  pivotal  role  in  the  operation  of  the  high 
power  linacs.  The  ring  dynamics  and  instabilities  will  in 
part  determine  the  design  choices  made  for  the  NLC 
machine  protection  system.  This  paper  includes  a 
summary  overview  of  the  main  ring  design  and  key 
subsystem  components. 


Table  1:  Main  Damping  Ring  and  Pre-Damping  Ring 


parameters. 

Main  Rings 

Pre-  Ring 

Energy  GeV 

1.98 

1.98 

Circ.  meter 

297 

214 

Rotation  frequency 
MHz  (1/775) 

1.01 

1.401 

RF  (MHz) 

714 

714 

h 

708 

510 

lb  (bunch  spacing) 

2.80  ns 

2.80  ns 

Fill  pattern  (#  trains 

Nt=3/  95 

Nt=  2/95 

Nt,  /#  bunches) 

3  gaps  68  ns 

2  gaps  100  ns 

zx.y  (ms) 

<5.21 

<5.21 

Nmax  /bunch 

1.6xl010 

1.9xl010 

Imax  (Amp) 

0.75 

0.80 

Normalized  extracted 
emittance  ycx  /  7EV 

<  3/.03  pm-rad 

<100  pm-rad 

Ex/  Ev 

<800/8  pm-rad 

<25  nm-rad 

Gap  voltage  Vg  (MV) 

1.5  (3  cells) 

2  (4  cells) 

Loss/tum  Uo 

750  KeV 

400  KeV 

Momentum 
compaction  a p 

6.6  x  lO'4 

0.0051 

Injected  emittance 

7E xO.yO 

150  pm-rad 

>  0.06  m-rad 
(Acceptance) 

Bunch  length  Cz 

4.0  mm 

8.4  mm 

Energy  acceptance 

+/-  1.9% 

+/- 1.3% 

1  INTRODUCTION 

The  DRC  provides  damped  e+/e'  beams  to  the  bunch 
length  compressors  at  either  end  of  the  NLC.  A  pre¬ 
damping  ring  is  required  for  e+  because  of  the  large 
source  emittance.  Except  for  the  pre-damping  ring  and  its 
associated  transport  lines,  the  e+/e'  systems  are  identical. 
Figure  1  shows  the  layout  of  the  e+  rings. 

In  this  paper  we  first  review  the  optics  design  of  the 
main  damping  ring  and  then  describe  progress  on  some 
critical  subsystems.  The  pre-damping  ring  will  be  the 
topic  of  a  future  report. 


2  DESIGN 

The  main  damping  ring  design  was  substantially  redone 
in  order  to  accommodate  a  2x  larger  inter-bunch  spacing 
(t b).  The  equilibrium  emittance  (eye)  in  the  updated 
design  was  allowed  to  be  relatively  large,  0.02  pm-rad,  so 
that  component  placement  tolerances  are  not  extreme.  The 
optimum  number  of  vertical  damping  times  (Nr)  was  then 
set  by  the  emittance  at  injection  such  that  e y  is  1.5£ye; 
resulting  in  Nr=  4.8.  The  vertical  damping  time  (ty)  is  then 

ry<^  = - L—  5.2msec 

y  NJ  4.8(120 Hz)  Boy1 
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determined  and  the  arc  bend  field  (Bo)  is  given  above.  A 
wiggler  is  needed  to  keep  Bo  reasonable  at  1.98  GeV.  The 
wiggler  length  ( Lw )  required  is  given  by: 

Lw  >  6 C-J&L-.-Iz-  >  33 m(Bw  =  2. 157) 
recTyfBl  1 +  K 

where  Bw  is  the  peak  field  of  the  wiggler.  We  have  chosen 
a  racetrack  shape  with  the  wiggler  on  one  side  and 
injection/extraction,  RF,  abort  and  feedback  systems  on 
the  other. 


x  104 


Figure  1:  NLC  e+  damping  ring  complex  shown  with  its 
associated  transport  lines  and  the  first  bunch  length 
compressor  (BC)  stage  (the  BC  wiggler  is  barely  visible  at 
the  top  of  the  figure).  Two  short  bypass  lines,  to  be  used 
during  construction  and  for  possible  future  e7e“  operation 
can  also  be  seen.  The  scale  is  in  meters,  referenced  to  the 
center  of  the  NLC  complex. 


Table  2:  Lattice  parameters  for  the  main  damping  ring. 


Vj/Vy 

23.85/  11.23 

#TME  cells  /  length  per  cell 

30/6.01  m 

Phase  adv.  per  TME  Vi  cell  (x/y) 

108/45  degrees 

Straight  length 

58  m 

Wiggler  (length  Lw  /  period  X  / 
peak  field  Bw) 

44  m/0.27  m/ 

2.15  T 

Uwiggler/ Care  =Fw  (ratio  of 
wiggler  loss/arc  loss) 

2.3 

Detuned  theoretical  minimum  emittance  (TME)  optics 
[5]  are  used  in  the  arcs.  The  detuning  factor  (r)  is  set  by  3 
considerations:  1)  to  keep  a p  as  large  as  possible  in  order 
to  stabilize  the  ring  extraction  energy  and  keep  the 
transient  longitudinal  bunch  length  instability  threshold  as 
high  as  possible[6],  2)  to  reduce  typical  sextupole  strength 
and  3)  to  minimize  the  number  of  cells.  We  have  chosen 
r=  1.6.  The  ratio  of  damping  done  by  the  wiggler  to  that 
done  in  the  arc  (Fw)  was  also  chosen  to  keep  a.p  large. 


The  ring  extraction  energy  stability  tolerance,  A§,  is 
about  10%  of  the  natural  energy  spread,  o8~10‘3.  The 
stability  requirement  for  the  ring  size  (C),  is: 

AC  <  a pAsC  ~  20 {im(pp  =6.6xl0-4) 

Relatively  slow  changes  [7],  (<  1  Hz),  in  C  can  be 
compensated  by  a  magnetic  chicane[8].  Faster  changes, 
coming  perhaps  from  ground  vibration,  may  a  concern. 
RF  frequency  correction,  used  in  storage  rings  to 
compensate  for  ring  size  drifts,  is  cumbersome  in  the 
damping  ring  because  the  extracted  train  is  subsequently 
injected  into  a  linac  whose  frequency  cannot  be  varied. 


TME  Cell  for  NLC  MDR 


Figure  2:  Optical  functions  of  the  6  m  DFBFD  detuned 
TME  arc  cell.  The  top  of  the  figure  shows  the  QD,  QF  and 
bend  magnets;  the  4  sextupoles  are  not  shown. 


3  TECHNOLOGY 

In  many  ways,  the  damping  ring  is  similar  to  a  3rd 
generation  light  source  with  its  high  current,  small 
coupling,  low  vacuum  pressure  (<lnTorr)  and  large 
synchrotron  radiation  power  loading.  In  addition,  the 
damping  ring  complex  includes  several  challenges 
associated  with  fast  damping,  high  throughput  injection 
from  a  powerful  injector,  and  clean  extraction. 

High  current  transient  operation,  where  the  rings  can  be 
filled  and  emptied  in  a  few  injector  linac  pulses,  is 
peculiar  to  damping  rings.  The  RF  system  is  most  affected 
by  this.  We  are  developing  a  heavily  higher-order-mode 
damped  cavity  design,  adapted  from  the  PEP-II  work, 
with  a  high  level  of  control,  feedback  and  feedforward 
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applied.  The  flexible  low-level  controls  and  feedback 
loops  to  control  beam  phase  and  energy  under  a  variety  of 
beam  conditions  are  described  in  [9]. 

Our  kicker  design  is  modeled  after  the  low  beam 
impedance  stripline  kicker  developed  at  DELTA  [10]. 
Because  of  the  difficulty  of  achieving  proper  performance 
with  the  SLC  damping  ring  injection  and  extraction 
kickers[ll],[12],  development  work  on  this  system  is 
important  even  though  the  requirements  for  the  NLC  rings 
are  substantially  reduced.  In  the  prototype,  a  pair  of 
shorted  striplines  is  differentially  driven  from  a  330  amp 
low  voltage  solid  state  pulser  [13]. 

The  44  m  wiggler  section  is  a  concern  because  of  its 
high  field  strength  and  large  size.  Several  technologies  are 
under  consideration  for  the  wiggler;  1)  electromagnet,  2) 
NdFe:B  permanent  magnet,  and  3)  superconducting 
magnet.  Injected  beam  radiation  damage  effects  are  a 
serious  concern,  especially  for  2)  and  3).  Some 
components  close  to  the  beam  pipe  in  the  SLC  damping 
rings  were  exposed  to  1014  rad  [14]  over  a  5  year  period. 
This  level  could  result  in  partial  demagnetization  of 
permanent  magnets  and  may  be  a  heat  load  problem  for  a 
superconducting  magnet.  Since  the  NLC  injector  linac  is  6 
times  more  powerful  than  the  SLC  injector,  the  potential 
exists  for  higher  radiation  exposure  rates.  A  collimation 
system  will  be  needed  for  protection  of  the  wiggler. 

The  vacuum  chamber  through  the  wiggler  must  be 
capable  of  dissipating  about  60  W/cm.  While  this  is  ~3x 
less  than  a  similar  system  in  the  PEPII  LER  [15],  the 
specified  pressure  ceiling  is  lOx  lower  and  work  is 
underway  to  develop  a  symmetric  antechamber  design. 
Even  though  the  typical  trajectory  distortion  caused  by  the 
wiggler  field  is  small,  about  1  mm,  the  wiggler  is  so  long 
that  90%  of  the  radiation  is  dissipated  within  the  straight 
section  itself. 

Since  the  primary  purpose  of  the  damping  rings  is  to 
produce  very  low  emittance  beams,  there  are  several  sets 
of  transverse  and  longitudinal  beam  size  monitors.  Typical 
transverse  beam  sizes  are  Gx=100  x  oy=10  pm,  sizes  too 
small  for  conventional  wire  scanner  or  video  imaging 
techniques  at  the  nominal  full  train  intensity  of  1.4xl012 
e+/e"  per  pulse.  Downstream  of  the  ring,  in  BC1,  a 
sequence  of  laser-based  profile  monitors  [16]  is  used  to 
measure  emittance  and  energy  spread. 

Several  special  purpose  subsystems  in  the  damping  ring 
will  be  used  to  integrate  its  operation  with  the  operation  of 
the  collider  as  a  whole.  The  most  important  of  these  is  the 
machine  protection  system  [17],  An  emittance  spoiler 
will,  in  the  duration  of  a  few  pulses,  increase  the 
emittance  to  safe  levels  for  injection  of  a  single  pulse  into 
the  main  linac  and  the  pulsed  abort  magnet  that  will  be 
used  to  quickly  dump  the  beam  in  the  event  of  a 
downstream  fault. 
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OPTICS  DIAGNOSTICS  AND  TUNING  FOR  LOW  EMITTANCE  BEAM 

IN  KEK-ATF  DAMPING  RING 

H.Hayano,  S.Kamada,  K.Kubo.  T.Naito,  K.Oide,  N.Terunuma,  N.Toge,  J.Urakawa,  KEK; 
S.Kashiwagi,  Graduate  U.  for  Advanced  Studies;  T.Okugi,  Tokyo  Metropolitan  U.;  M.Takano,  Toho 
U.;  K.Bane,  T.Kotseroglou,  M.Minty,  M.Ross,  J. Turner,  M  Woodley  and  F.Zimmermann,  SLAC 


Abstract 

The  target  of  KEK-ATF  is  producing  electron  beam  with 
vertical  emittance  of  0.01  nm-rad  (lxl0_11m-rad). 
Corrections  of  the  dispersions  are  essential  to  achieve  the 
low  emittance.  Because  the  actual  optics  of  the  beam  line 
should  be  known  for  these  corrections,  beam  based  optics 
diagnostics  has  been  performed.  Simulations  showed  the 
validity  and  the  accuracy  of  the  method.  Effects  of  skew 
quadrupoles  have  also  been  studied. 

1  OPTICS  DIAGNOSTICS 

In  the  early  stage  of  the  operation  of  the  ATF  Damping 
Ring,  there  were  big  discrepancies  between  observations  of 
beam  behavior  and  calculations  based  on  our  optics  model. 
In  order  to  make  the  model  more  accurate,  optics  diagnostics 
was  performed.  The  method  were  reported  with  results  of  its 
test  before!  1], 

Errors  of  quadrupole  strengths  of  the  quadrupole  magnets 
and  the  combined  bending  magnets  have  been  estimated 
using  beams,  by  steering  beam  and  measuring  the  orbit  in 
down  stream.  There  are  about  1 00  steering  magnets  and  1 00 
BPMs  in  the  ring  and  the  measured  response  coefficients 
(R12  and  R34)  at  the  BPMs  from  the  steering  magnets  are  fit 
by  errors  of  strength  of  quads,  BPMs  and  steerings.  Magnets 
are  divided  into  10  types  and  we  assumed  that  each  type  of 
the  magnets  has  a  common  error  ratio  because  they  have  the 
same  design.  (See  Table  1.)  In  order  to  correct  the  original 
model,  which  is  based  on  magnetic  field  measurements, 
‘fudge  factor’  has  been  introduced  for  each  type  as  relative 
error  of  the  quadrupole  field  strength. 

The  diagnostics  have  been  performed  several  times, 
especially  when  the  optics  setting  was  changed  or  beam 
position  monitor  (BPM)  system  was  modified. 

Results  from  the  most  recent  measurement  are  shown  in 
Fig.  1  and  Table  1  which  was  taken  in  November  1998  after 
improvement  of  the  BPM  electronics  [3].  To  avoid  non¬ 
linear  effects,  sextupole  magnets  were  turned  off.  Because  a 
part  of  beam  was  lost  far  downstream  for  some  settings, 
BPMs  only  in  30m  downstream  changed  steering  magnets 
were  used  for  the  analysis.  10  BPMs  in  the  wiggler  sections, 
which  had  big  non-linear  response  were  not  used.  Fig.  1(a) 
shows  response  coefficients  from  the  steering  magnets  to 
the  BPMs  calculated  using  the  original  model  without 
‘fudge’  factors  vs.  measured  coefficients.  Fig.  1(b)  shows 
the  model  with  new  ‘fudge’  factors  vs.  measured 
coefficients.  The  new  fudge  factors  are  listed  in  Table  1.  The 
new  model  has  different  strength  of  quadrupole  fields  from 
the  original  model  up  to  a  few  percent. 


Table  1 :  Magnet  types  and  fudge  factors 


Type 

Number 
of  Magnets 

Fudge 

factors 

BH1R-N 

6 

-2.07E-3 

Combined 

bend* 

BHIR-Ma 

16 

2.87E-2 

BHIR-Mb 

14 

1.58E-2 

QF2R 

(thick) 

26 

1.11E-3 

Main  Quad 
in  Arc  Section 

H2  (thin) 

8 

2.20E-2 

Matching  Quad 
in  Arc  Section 

H3  (thick) 

8 

-8.94E-3 

H4  (thick) 

16 

-1.04E-2 

Matching  Quad 
in  Straight 
Section 

T1  (thin) 

4 

-1.95E-2 

T42L 

(thick) 

4 

5.47E-3 

T42S(thin) 

6 

1.01E-2 

*BH1R-N,  -Ma,  -Mb  have  the  same  spec,  but  made  by 
different  companies  or  from  different  lots. 


Fig.  1 :  Response  coefficients  from  the  steering  magnets  to 
the  BPMs.  (a):The  original  model  vs.  measurement  and(b) 
corrected  model  vs.  measurement.  Both  horizontal  and 
vertical  coefficients  are  plotted. 

After  the  diagnostics,  model  calculations  for  orbit 
corrections  and  dispersion  corrections  have  become  useful  in 
our  beam  tuning. 

Simulations  were  done  to  estimate  the  accuracy  of  the 
method  The  measurement  of  orbit  change  at  BPMs 
changing  steerings  was  simulated  using  the  computer  code 
SAD  [2].  In  the  simulation,  errors  were  set  as  in  Table  2. 


Table  2:  Random  errors  in  optics  diagnostics  simulation. 


BPM  resolution  (pulse  to  pulse) 

gaussian  r.m.s.  10  pm 

BPM  position  sensitivity  factor 

gaussian  r.m.s  10  % 

Steering’s  kick  angle  /  current 

gaussian  r.m.s  10% 

Quadrupole  field(thick  magnets) 

Uniform  +-1% 

Quadrupole  field(thin  magnets) 

Uniform  +-2% 
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Set  error  ratio  w  Set  error  ratio 


Fig  2  :  Set  error  ratio  vs.  (left)  estimated  error  ratio  of  the 
strength  of  quadrupole  field  and  (right)  difference  between  the 
estimated  error  ratio  and  the  set  error  ratio.  Results  of  all 
types  from  22  different  random  seeds  are  plotted.  The  error 
bars  are  the  estimated  resolution. 


The  errors  of  position  sensitivity  factors  and  the  kick 
angles  seem  over  estimated  but  further  simulation  studies 
show  that  the  fitting  results  of  quadrupole  field  errors  are  not 
sensitive  to  these  errors.  Lengths  of  the  quadrupole  magnets 
are  18  cm  (thick)  or  6  cm  (thin).  We  assumed  the  thick 
magnets  have  less  error  because  their  effective  lengths  are 
expected  to  be  better  known.  The  combined  bending 
magnets  were  treated  as  thick  magnets  and  BHIR-Ma  and 
BHIR-Mb  are  regardedas  the  same  type  in  this  simulation. 

BPM  data  were  simulated  from  calculated  beam  positions 
considering  the  BPM  resolution.  5  different  currents,  I=-l, 
-0.5,  0,  0.5,  1  A,  were  set  for  every  steering  magnets  where 
1  A  corresponds  to  the  kick  angle  of  about  0.3  mrad.  Optics 
was  set  as  a  design  which  is  the  base  of  the  present  operation 
optics. 

The  errors  of  quadrupole  fields,  the  sensitivity  factors  of 
the  BPM  and  the  current-to-  angle  factors  of  the  steering 
magnets  were  estimated  using  the  same  analysis  program  for 
the  real  data.  Simulations  were  done  with  22  random  seeds. 

The  left  of  Fig.  2  shows  set  error  ratio  vs.  estimated  error 
ratio  of  the  quadrupole  field  strengths  of  all  types.  Results 
from  all  22  random  seeds  are  plotted  together.  The  right 
shows  the  difference  of  estimated  error  ratio  and  the  set  error 
ratio.  The  error  bars  are  the  estimated  resolution  propagated 
from  the  resolution  of  BPMs,  10  micron.  Most  of  the 
estimations  are  consistent  with  the  set  values  within  the 
resolutions  indicating  the  validity  of  this  analysis.  Fig.  3 
shows  the  resolution  for  each  type  of  magnets  averaged  over 
the  22  random  seeds. 

The  result  shows  that  the  common  error  for  the  same  type 
of  magnets  is  expected  to  be  estimated  in  good  resolution. 


Fig.  3  :  Estimated  resolution  of  strength  ratio  for  each  type 
of  magnets  (%)  averaged  over  the  22  random  seeds. 


2  TUNING  FOR  LOW  EMITTANCE 

2.1  Dispersion  Correction 

It  is  essential  to  make  the  vertical  dispersion  small  in  the  arc 
sections  for  producing  low  vertical  emittance  beams. 
Relation  between  the  dispersion  and  emittance  was 
simulated  using  SAD  [2],  In  the  simulation,  all  magnets 
were  misaligned  randomly  with  r.m.s.  20  micron.  The 
vertical  dispersions  at  the  BPMs  were  tried  to  be  zero  using 
the  steering  magnets.  Simulation  was  done  for  2000 
different  random  seeds.  Fig.  4  shows  square  of  the  vertical 
dispersion  averaged  over  the  BPMs  in  the  arc  section  vs.  the 
vertical  emittance  calculated  by  SAD.  Other  effects  such  as 
the  intrabeam  scattering  were  not  considered  One  point 
corresponds  to  one  random  misalignment.  The  emittance 
has  linear  dependence  on  the  square  of  the  vertical  dispersion 
at  BPMs  as 

£y(nm  -  rad)  =  0.0006  (t]2  (1) 

where  (  )  means  the  average  in  the  arc  sections. 

Though  we  assumed  the  random  misalignment  of  20 
micron,  results  of  further  simulations  with  other  realistic 
misalignment  assumptions  give  almost  the  same 
dependence  as  the  equation  (1). 

The  result  shows  that  the  vertical  dispersion  at  BPMs 
should  be  about  4  mm  @to  achieve  our  goal,  0.01  nm-rad. 


Fig.  4  :  Square  of  the  vertical  dispersion  averaged  over 
BPMs  in  the  arc  section  vs.  the  vertical  emittance  from 
simulation. 

Dispersion  function  at  BPMs  in  the  ring  are  measured  as 
the  orbit  difference  for  different  RF  frequencies. 

A  dispersion  correction  routine  has  been  developed.  Set  of 
vertical  steerings  is  calculated  to  reproduce  the  measured 
dispersion  in  the  perfect  model  and  opposite  of  the  steerings 
are  set.  An  typical  example  is  shown  in  Fig.  5,  the  vertical 
dispersion  before  and  after  the  correction.  In  this  example, 
r.m.s.  of  the  vertical  dispersion  in  the  arc  sections  are  13 
mm  before  the  correction  and  4.3  mm  after  the  correction, 
from  the  equation  (1),  corresponding  to  the  vertical 
emittances  of  0.10  and  0.011  nm-rad  On  the  other  hand, 
apparent  emittances,  roughly  monitored  using  SR- 


3433 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


interferometer  [4],  were  about  0.08  and  0.05  nm-rad  before 
and  after  the  correction,  respectively.  The  reason  of  the  big 
difference  in  the  case  of  after  the  correction  has  not  been 
known  yet.  Both  the  emittance  measurement  and  the 
dispersion  measurement  should  be  studied  more. 


Fig.  5  :  Measured  vertical  dispersion  before  (top)  and  after 
the  correction  (bottom). 

2.2  Local  Orbit  Bump 

Vertical  orbit  bumps  have  been  applied  in  the  ring  to  reduce 
the  vertical  emittance  in  try-and-error  monitoring  the 
vertical  beam  size  using  the  SR-interferometer  [4],  Because 
the  dispersion  correction  program  assumes  no  strength 
errors  and  no  misalignment  of  magnets,  the  calculation  can 
not  be  perfect  and  this  empirical  method  is  sometimes 
effective. 

2.3  Effect  of  Skew  Quadrupole  Fields 

Trim  coils  of  4  sextupole  magnets  are  connected  to  produce 
skew  quadrupole  fields  though  there  are  not  skew  quadrupole 
magnets.  The  maximum  strength  of  the  field  (SK,)  is 
estimated  to  be  about  0.033  m'1  for  each  magnet.  We  have 
tried  to  seethe  effects  of  the  skews  to  the  vertical  emittance 
but  no  clear  effect  has  been  observed  so  far. 
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Fig  6  :  Average  of  emittance  vs.  the  limit  of  the  strength. 
From  simulation  with  100  random  seeds,  the  error  bars 
represent  r.m.s.  fluctuation. 

Fig.  6  shows  result  of  simulation  of  effects  of  the  skews. 
All  magnets  had  random  alignment  errors  of  r.m.s.  30 
micron  and  rotation  error  r.m.s.  0.5  mrad.  Orbit  and 
dispersion  corrections  were  applied  and  strength  of  skew 
fields  were  searched  for  the  minimum  vertical  emittance 
assuming  the  emittance  was  precisely  monitored.  The  figure 
shows  the  average  and  the  r.m.s.  fluctuation  of  100  random 
seeds  vs.  the  limit  of  the  strength  of  the  skews.  The  left 
figure  shows  the  case  using  all  4  skews  and  the  right  shows 


the  case  using  only  1  skew.  The  results  show  that  the 
present  limit,  0.033  m1,  is  large  enough,  the  effect  of  1 
skew  will  not  be  seen  but  proper  set  of  4  skews  can  reduce 
the  emittance.  As  shown  in  Fig.  7,  the  emittance  can  be 
reduced  more  using  more  number  of  skews.  The  trim  coils  of 
the  all  sextupole  magnets  will  be  connected  for  skew 
quadrupole  fields  and  the  effects  will  be  tested  soon. 
However  to  find  a  good  setting  of  the  skews  is  not  straight 
forward  and  we  need  good  emittance  monitors  in  order  to  try 
many  settings. 


Fig.  7:  Emittance  vs.  number  of  skews.  From  simulation 
with  100  random  seeds,  the  error  bars  represent  r.m.s. 
fluctuation. 

3  SUMMARY 

First  order  optics  diagnostics  was  performed  and  the  model 
calculations  have  been  improved  The  validity  of  the 
diagnostics  method  was  demonstrated  and  the  accuracy  was 
estimated  by  simulations.  Methods  for  tuning  for  the  low 
vertical  emittance,  dispersion  correction,  local  bumps  and 
skew  quadrupole  fields,  were  discussed  The  dispersion 
correction  worked  well  and  the  apparent  vertical  dispersion 
seemed  to  be  close  to  the  goal  for  the  vertical  emittance, 
0.01  nm-rad  But  the  apparent  vertical  emittance  was  still 
large  [5,6]  and  more  study  of  both  the  dispersion  and  the 
emittance  measurement  will  be  necessary.  Effects  of  skew 
quadrupole  fields  have  not  been  observed  yet.  The 
simulation  showed  that  the  effects  will  not  be  seen  easily 
but  it  is  possible  to  use  the  set  of  skews  for  the  low 
emittance  tuning  with  good  emittance  monitors. 
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TOLERANCES  IN  X-BAND  MAIN  LINACS  OF  FUTURE  LINEAR 

COLLIDERS 

T.  Higo,  K.  Kubo  and  K.  Yokoya,  KEK,  Tsukuba,  Japan 


Abstract 

Tracking  simulations  have  been  performed  for  a  realistic 
design  of  main  linacs  of  X-band  linear  collider.  We 
discuss  about  choice  of  the  phase  of  the  accelerating  field 
relative  to  the  bunches.  The  tolerances  of  the  phase  and 
the  amplitude  errors  are  studied. 

1  INTRODUCTION 

In  order  to  preserve  the  low  emittance  through  the  main 
linacs  of  future  linear  colliders,  various  effects  should  be 
considered,  errors  of  injection  conditions,  RF  accelerating 
field,  strength  of  magnets,  misalignment  and  mechanical 
vibrations  of  magnets  and  accelerating  structures  and  so 
on.  Tracking  simulations  have  been  performed  for  a 
realistic  design  of  main  linacs  of  X-band  linear  collider 
with  these  errors  [1],  Some  of  the  estimated  tolerances 
based  on  the  simulations  have  been  reported  before  [2,3], 
Here  we  discuss  about  the  choice  of  the  phases  of  the 
accelerating  field  relative  to  the  bunches  and  the  tolerances 
of  the  phase  and  the  amplitude  errors.  Because  the  vertical 
emittance  will  be  much  smaller  than  the  horizontal 
emittance  and  tolerances  will  be  much  tighter,  simulation 
results  were  shown  only  in  the  vertical  plane. 

2  PARAMETERS  OF  THE  LINAC 

One  possible  parameter  set  of  the  main  linac  of  future 
linear  colliders  with  CMS  energy  of  1  TeV  was  used  in 
the  simulations.  Important  parameters  are  listed  in  Table 
1.  The  optics  is  a  series  of  FODO  cells,  and  the  phase 
advance  per  length  is  proportional  to  the  inverse  of  the 
square  root  of  the  beam  energy  [2,4], 

Table  1:  Parameters  of  the  linac. 


Initial  beam  energy 

10  GeV 

Final  beam  energy 

500  GeV 

Bunch  charge 

1.01x1010 

Bunch  length 

125  mm 

Nominal  normalized  vertical 
emittance 

3x10-8  m-rad 

Frequency  of  RF 

11.424  GHz 

Acc.  gradient  with  loading 

56.7  MV/m 

Number  of  acc.  structures 

4788/linac 

Acc.  structure  length 

1.8  m 

Averaged  structure  iris 

0.18  X 

Length  of  a  FODO  cell 

8.6  m  at  lOGeV 

Phase  advance/  FODO  cell 

90o  at  lOGeV 

3  CHOICE  OF  RF  PHASE 

Energy  distribution  in  a  bunch  is  important  in  considering 
emittance  preservation,  e.g.  as  known  as  ‘BNS  damping’ 


[5],  and  it  can  be  controlled  by  the  choice  of  the  phases  of 
the  RF  field  along  the  linac.  In  addition  to  the  relative 
energy  spread  (aE/  E),  let  us  define  another  parameter 
‘energy-z  correlation1  as  follows, 

SEI  E=  — - —  j  E(z)zp(z)dz  (1) 

Eazq 


where  oz  is  the  bunch  length,  q  the  total  charge,  z  the 
longitudinal  coordinate,  p(z)  the  charge  density  and  E(z) 
the  average  energy  at  z  ■ 


ECCeV)  E(CeV) 


Figure  1 :  Relative  energy  spread  along  the  linac. 
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Figure  2:  ‘Energy-z  correlation’  along  the  linac. 


We  simulated  six  cases  :  (a)  Constant  phase,  (b)  Change 
phases  at  150  GeV,  (c)  Change  phases  at  150  GeV  and 
250  GeV,  (d)  at  150  GeV  and  300  GeV,  (e)  at  150  GeV 
and  350  GeV,  (f)  at  150  GeV  and  400  GeV.  In  all  cases, 
phases  are  chosen  to  make  8E  at  the  end  of  linac  zero, 
and  aE  minimum.  The  phase  in  the  case  (a)  is  decided  by 
this  constraint  as  15.4o  (off  crest  angle  of  the  bunch 
center).  In  the  case  of  (c)~(f),  the  phases  are  chosen  to 
make  5E  constant  in  the  center  energy  region.  ‘Over  head 
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voltage’,  Voh,  was  a  parameter  which  decide  the  phases  in 
the  cases  (b)~(e). 


Voh  =  V/V{a)-l 


(2) 


where  V  is  total  of  the  RF  voltage  and  VW  that  in  the 
case  (a).  Making  SE  the  bigger,  SE  becomes  bigger  and 
more  voltage  is  needed  for  the  same  beam  energy. 

Cases  of  V„h  =0,  1,  3  and  5  %  were  simulated  (Voh=0 
means  the  case  (a)).  aEl  E  is  shown  in  Fig.  1  for  the  all 
cases  and  8E /  E  is  shown  in  Fig.  2  for  the  all  cases 
except  (a)  which  has  almost  zero  8E/ E.  8E/  E= 0  and 
(X £  /  £=0.02  were  assumed  at  the  beginning. 

SE/ E  for  the  auto  phasing  condition  is  approximately 
constant  along  the  linac  and  a  rough  estimation  gives 

SE  /  £(auto  phasing)  =  eqp2WT(2az)l  8£= 0.022  (3) 

This  is  bigger  than  that  even  in  the  Voh  =5%  cases.  To 
make  such  big  energy  slope,  a  big  over  head  voltage  is 
needed  and  probably  will  not  be  realistic. 

Emittance  dilutions  were  simulated  for  injection  errors, 
vibration  of  quadrupole  magnets  and  misalignment  of 
quadrupole  magnets  with  a  simple  orbit  corrections. 

We  take  ‘effective  emittance’(£(,^  )  as  a  measure  of  the 
beam  quality  for  discussion  of  the  jitters  or  fast  errors 
which  will  not  be  corrected  and  emittance(  e )  for  the  fixed 
or  slowly  changing  errors  which  will  be  corrected. 

•-J(y2)(y’2)-(y>'f  <4> 

4  ■  ]((>■  -  W)2  )((y  -</  »2)  -  ( M  -  M(y  »2  (5) 

where  (  )  means  the  average  of  all  particles. 

Fig.3(a)  shows  £ejj  dilution  due  to  injection  jitters. 
The  offset  and  the  angle  of  the  injected  beam  were 
randomly  set  as  gaussian  with  sigma  of  0.5  of  the  beam 
size.  Except  for  the  injection  error,  the  linac  was  assumed 
to  be  perfect.  Fig. 3(b)  shows  eeff  dilution  due  to 
transverse  vibrations  of  quadrupole  magnets.  The 
transverse  offset  of  quads  were  randomly  set  as  gaussian 
with  sigma  of  10  nm.  Except  for  the  injection  error,  the 
linac  was  assumed  to  be  perfect.  The  averages  over  200 
random  seeds  are  shown. 


Fig.  3:  Effective  emittance  dilution  vs.  Voh  with  (a) 


injection  jitters  and  (b)  vibration  of  quadrupole  magnets. 


Fig. 4  shows  £  dilution  due  to  transverse  misalignment 
of  quadrupole  magnets  with  orbit  corrections.  A  simple 
one-to-one  orbit  correction  was  assumed.  There  were 
steering  magnets  and  BPMs  at  all  quadrupoles.  Only 
BPMs  at  focusing  quads  were  used  and  the  beam  is  steered 
to  make  the  BPM  readings  zero.  Transverse  offset  of  the 
quads  were  randomly  set  as  gaussian  with  sigma  of  2 
micron.  The  BPMs  also  have  random  transverse  offset 
with  sigma  of  2  micron  with  respect  to  the  quads’  center. 
Resolution  of  the  BPMs  was  1  micron.  Accelerating 
structures  were  aligned  perfectly  w.r.t.  the  beam.  The 
averages  over  100  random  seeds  are  shown. 


Fig.  4  :  Average  emittance  dilution  due  to  misalignment 
of  quadrupole  magnets  with  orbit  correction. 

It  is  obvious  that  SE/ E  should  be  large,  which  means 
large  over  head  voltage,  to  suppress  the  emittance  dilution 
caused  by  the  injection  error  and  the  quads’  vibrations.  On 
the  other  hand,  a  large  energy  spread  makes  the  dispersive 
effects  large  which  is  shown  in  Fig. 4.  Of  cause, 
considering  the  efficiency,  a  too  large  over  head  voltage 
should  be  avoided.  As  conclusion,  the  phases  should  be 
decided  as  a  result  of  some  compromise  and  the  optimum 
Voh  will  be  3~5  %. 

For  further  simulations  we  pick  up  the  four  cases 
Voh  =0,  Voh=l%  phase  changes  at  150  GeV  and  250  GeV, 
Voh=3%  phase  changes  at  150  GeV  and  300  GeV  and 
Voh=5%  phase  changes  at  150  GeV  and  350  GeV. 

4.  RF  JITTER  TOLERANCE 

Simulations  with  jitter  of  the  RF  amplitude  and  phase 
have  been  done  for  the  four  cases  of  the  phase  choice.  In 
the  simulations,  considering  DLDS  scheme  [6],  one  RF 
unit  consists  of  12  accelerating  structures  and  each  unit 
has  the  same  error  of  amplitude  and  phase  with  Gaussian 
distributions.  All  RF  units  have  the  same  r.m.s.  of  the 
errors  and  no  correlation  was  considered  between  different 
units. 

4.1  Beam  Energy 

Here,  we  looked  at  final  beam  energy  and  energy  spread 
with  the  error  of  the  RF. 

Amplitude  jitter  causes  pulse  to  pulse  fluctuations  of 
the  beam  energy  (average  of  the  particles  in  one  pulse). 
Assuming  independent  errors,  the  r.m.s.  of  the  relative 
error  of  the  beam  energy  can  be  estimated  simply  as 
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°(E)  ® amp  /■'JNrf  —  Gamp  /  3/399  (1) 

where  <Jamp  is  the  r.m.s.  of  the  relative  amplitude  jitter 
of  each  unit  and  NRF  =  399  the  number  of  RF  units. 
Simulations  confirmed  the  equation  (1)  and  showed  that 
the  pulse  to  pulse  fluctuation  of  the  energy  spread  will  be 
less  than  1  x  10-6  up  to  oamp=%%. 

The  phase  jitter  causes  the  pulse  to  pulse  fluctuations  of 
the  beam  energy  and  also  reduces  the  mean  beam  energy. 
Results  of  simulations  with  200  random  seeds  are  shown 
in  Fig.5,  the  average  of  the  relative  beam  energy  and  the 
fluctuations  of  the  beam  energy  vs.  r.m.s.  of  the  phase 


Figure  5:  (a)  Average  of  the  relative  beam  energy  and  (b) 
fluctuations  of  the  beam  energy  vs.  RF  phase  jitter. 


Assuming  that  the  tolerance  of  the  final  energy  error  due 
to  the  RF  error  is  0.1%,  the  tolerances  for  the  RF 
amplitude  and  phase  jitters  will  be  about  2%  and  3o, 
respectively. 

4.2  Transverse  motion 

Energy  error  along  the  linac  may  affect  the  transverse 
motion  of  the  beam.  The  pulse  to  pule  energy  difference 
will  cause  a  pulse  to  pule  orbit  difference  due  to  the 
dispersive  effect. 

As  the  initial  condition,  we  set  random  misalignment  of 
the  quads  and  calculated  strength  of  the  steering  magnets 
for  orbit  corrections  without  RF  errors.  The  misalignment 
and  the  setting  of  the  magnets  were  saved  and  used  in 
simulations  with  RF  errors.  Effective  emittances  were 
calculated  with  the  position  and  the  angle  without  jitters 
as  the  reference. 

Fig.  6  shows  £eff  dilution  vs.  r.m.s.  of  the  amplitude 
jitter  and  the  phase  jitter  for  the  four  cases  of  the  phase 
choice.  Each  point  represents  average  of  200  random  seeds 
for  jitters  in  one  initial  condition  (1  linac).  The  same 
initial  condition  was  used  in  the  same  case  of  the  phase 
choice.  Because  the  results  are  statistically  poor, 
simulations  were  done  for  50  different  initial  conditions 
and  50  different  RF  errors  for  each  initial  condition  (50 
linacs,  50  pulses  for  each  linac)  only  in  the  case  of 
=3%.  Fig.  7  shows  £ejj  increase  vs.  r.m.s.  of  the 
amplitude  and  phase  jitter.  In  this  figure,  the  average  and 
the  r.m.s.  fluctuation  of  the  additional  increase  of  eeg  due 
to  the  jitters  are  shown. 


Fig. 6:  Effective  emittance  vs.  r.m.s.  of  (a)  amplitude 
jitter  and  (b)  phase  jitter.  Each  point  represents  average  of 
200  random  seeds  for  jitters  in  one  initial  condition. 


amplitude  jitter  and  (b)  phase  jitter  of  RF.  Average  and 
r.m.s.  fluctuation  from  50  different  misalignments  and  50 
different  jitters  are  shown. 

Compared  with  the  effect  to  the  final  energy,  the  effect 
of  the  RF  jitter  to  the  emittance  will  be  not  significant. 

5  SUMMARY 

The  choice  of  the  phases  and  the  tolerances  of  the  jitters 
of  the  phase  and  the  amplitude  of  the  RF  accelerating 
fields  have  been  studied  for  future  X-band  linear  colliders. 
The  phase  choice  can  be  represented  by  the  ‘over  head 
voltage’  ( Voh )  and  its  optimum  will  be  3-5%.  The 
tolerances  of  the  jitters  will  be  decided  by  the  effects  to 
the  final  energy  error  not  to  the  emittances.  Requiring  the 
error  of  the  final  energy  of  less  than  0.1  %,  the  jitter 
tolerances  will  be  about  2%  for  the  amplitude  and  about 
3o  for  the  phase. 
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1  INTRODUCTION 


Several  low-emittance  damping  rings  are  presently  being 
designed  to  meet  the  requirements  of  future  linear 
colliders.  These  rings  tend  to  have  relatively  large 
circumferences  -300  m  so  that  they  can  damp  many  trains 
of  bunches  at  the  same  time.  With  the  large 
circumference,  the  ring  path  length  may  become  quite 
sensitive  to  thermal  and  ground  motion  effects.  In 
addition,  most  of  the  rings  include  damping  wigglers 
whose  path  length  varies  with  their  strength. 

In  e~le+  storage  rings,  the  beam  revolution  time  is 
determined  by  the  rf  frequency.  Thus,  to  restore  the 
proper  revolution  time,  a  change  in  the  nominal  path 
length  will  cause  a  change  in  both  the  beam  energy  and 
the  closed  orbit.  The  change  in  energy  is  given  by: 


dE__ _ 1  AC 

E0  or  p  C0 


(1) 


where  ap  is  the  momentum  compaction  and  C0  is  the 
nominal  ring  circumference.  The  change  in  the  closed 
orbit  is  simply  given  by  the  energy  change  and  the 
dispersion  function.  This  change  in  orbit  and  energy  can 
decrease  the  dynamic  acceptance  of  the  ring  and  make  it 
difficult  to  preserve  the  ultra-small  damped  emittances. 
Because  damping  rings  need  strong  focusing  to  attain  the 
small  beam  emittances  and  thus  tend  to  have  very  small 
values  of  momentum  compaction,  they  can  be  very 
sensitive  to  changes  in  their  circumference.  For  example, 
to  limit  the  energy  fluctuations  in  the  NLC  damping  rings 
to  10%  of  the  beam  equilibrium  energy  spread,  the  path 
length  must  be  controlled  to  about  20  |im. 

Circumference  variations  have  been  seen  at  most 
storage  rings  including  LEP,  the  APS  at  Argonne,  the 
SLAC  damping  rings,  and  the  ATF  damping  ring  test 
facility  [1]  at  KEK.  At  the  APS,  typical  path  length 
variations  are  -0.2  mm  [2]  and  are  correlated  with 
seasonal,  tidal,  and  diurnal  fluctuations.  The  SLAC 
damping  rings  change  by  millimeters  during  approach  to 
thermal  equilibrium  when  the  rings  are  started,  but  little 
variation  is  seen  after  equilibrium  is  reached.  At  the  ATF, 
variations  of  up  to  ±3  mm  over  months  have  been 
observed  [3],  The  precise  mechanisms  responsible  for 
these  changes  are  not,  at  present,  well  understood. 

Another  path  length  variation  arises  when  the  strength 
of  the  damping  wigglers  is  changed.  Assuming  a 
sinusoidal  wiggler  field,  the  circumference  change  is 


Ew 

2  2  ’ 
PW*W 


(2) 


where  Lw  is  the  wiggler  length,  pw  is  the  peak  wiggler 
bend  radius,  and  kw  is  its  wavenumber  (=  2/z/A).  At  the 
ATF  (and  similarly  for  the  NLC  ring),  the  wigglers 
increase  the  circumference  by  -2  mm  at  full  strength. 

Although  some  of  the  variation  in  path  length  can 
probably  be  reduced  by  design,  the  inclusion  of  a 
circumference  correction  method  in  the  design  of  future 
damping  rings  seems  prudent.  There  are  a  few  possible 
approaches:  1)  physical  displacement  of  the  arc  magnetic 
elements;  2)  control  of  the  orbit  using  steering  correctors 
or,  equivalently,  variation  of  the  arc  bending  magnets  and 
quadrupoles  (the  later  is  necessary  to  keep  tunes 
constant);  and  3)  additional  elements  dedicated  to  path 
length  control.  In  this  note,  we  describe  the  correction 
available  by  adding  a  simple  4-dipole  chicane  to  a 
straight-section  in  a  damping  ring.  A  chicane  has  the 
advantage  of  being  varied  without  significantly  affecting 
ring  optics  or  trajectory  outside  of  the  chicane.  Thus,  the 
path  length  can  be  varied  during  operation  and  the  chicane 
can  be  used  in  a  feedback  system  to  stabilize  the 
circumference.  In  the  following,  we  describe  the  effects 
of  the  chicane  on  critical  ring  parameters,  including  the 
equilibrium  emittance  and  momentum  compaction. 


2  CHICANE  IMPACT  ON  DAMPING 
RING  PERFORMANCE 

A  standard  4-dipole  chicane  is  shown  in  Figure  1  where 
the  symbol  definitions  are  indicated. 


Figure  1:  Four  dipole  chicane  with  symbol  definitions  indicated. 


2.1  Path  Length 

For  an  ‘on-energy’  particle  through  this  chicane,  the 
change  in  path  length  (i.e.  circumference),  with  respect  to 
the  path  length  with  no  chicane,  and  for  Bc «  1 ,  is 

As  =  &c(  jEc+AL  )  (3) 


-  Note  that  Ay  is  always  positive  so  that  providing  a  bipolar 

*  Work  supported  by  Department  of  Energy,  contract  DE-  circumference  correction  requires  a  chicane  with  a 
AC03-76SF00515. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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nominal  bias  at  nominal  circumference  (i.e.  9C  =  0CQ  *  0). 
The  path  length  is  then  increased  (decreased)  by  an 
increase  (decrease)  of  the  dipole  bend  angles. 

The  subscript  b  is  added  to  identify  a  bipolar  correction 
from  the  unipolar  one  in  Eq.  (3),  ( Asb  =  As  -  ZLsmax/2). 

2.2  Emittance 

The  addition  of  the  chicane  dipoles  will,  of  course,  have 
some  impact  on  the  damped  horizontal  emittance.  The 
normalized  equilibrium  emittance  for  a  damping  ring, 
with  chicane  included,  can  be  written  as  [4] 


*h  +2<XiViV'i  +n?Pi)  ,  (9) 

|Pcl  ' 

where  pc  (=  LJ0C)  is  the  bend  radius  of  the  chicane 
dipoles,  T]i  and  7j',  are  the  spatial  and  angular  dispersion 
functions  through  each  dipole,  yh  ft,,  and  a,  are  the  Twiss 
parameters  through  each  dipole,  and  the  brackets  denote 
the  mean  value  over  the  length  of  each  dipole.  It  can  be 
shown  that  for  a  small  initial  or-function  (at  1st  dipole 
entrance),  l«i  (0)1  <  1,  and  a  initial  /^function  which 
satisfies  $(0)  >LC  +  AL,  Eq.  (9)  reduces  approximately  to 


<V3/5_<V3  h+AI  5  (5) 

h~h  Jxh  ^+AI 2/J  xh~AI  a/J  xh 

where  Ij  (j  =  2,4,5)  are  the  usual  /h  synchrotron  integrals, 
AIj  are  their  chicane  induced  changes,  y  is  the  beam 
energy  factor,  Jx  is  the  nominal  horizontal  partition,  and 
Cq  =  3.8xl(T13  m.  For  an  isomagnetic,  uncoupled  ring 
with  the  chicane  of  Figure  1,  the  first  correction  term 
(A12!JXI2)  at  the  right-side  of  Eq.  (5)  can  be  expressed  as 


=  _ 1_ 

Jxh  N  b  t y  Lc  1  +  Fw 


(6) 


where  Fw  (>  0)  is  the  ratio  of  the  energy  loss  per  turn  in 
the  wiggler  to  that  in  the  arcs  (typically  -1),  T^ty  (=  1  /Jx) 
is  the  ratio  of  horizontal  to  vertical  damping  times 
(typically  -1),  LB  and  0B  are  length  and  bend  angle  of  an 
arc  dipole,  and  NB  is  the  number  of  arc  dipoles  in  the  ring 
(typically  »1).  As  will  be  demonstrated,  Eq.  (6)  is  -0.01 
for  a  chicane  with  =  5  mm  placed  in  the  1 .54  GeV 
ATF  damping  ring  with  wigglers  switched  on  (see  Table 
1).  Thus,  this  AI2  term  in  the  denominator  of  Eq.  (5)  can 
typically  be  ignored.  Similarly,  the  Al4  term  in  the 
denominator  is  related  to  Eq.  (6)  by 


AIa 

Jxh 


Lc  +  AL 
2  Lr 


AI2 

Jxh 


■0c  « 1 


(7) 


which  is  smaller  yet.  For  the  ATF  case  above,  Eq.  (7)  is 
-6x1  CT5,  so  this  term  is  completely  insignificant.  These 
synchrotron  integrals  are  not  significantly  changed  by  a 
reasonable  chicane  and,  therefore,  damping  times,  losses 
per  turn,  and  partition  numbers  are  also  nearly  unaffected. 
With  these  results,  Eq.  (5)  becomes 

C  Y ^ 

YE~-±—(l5+Als),  (8) 

J  xh 


where  Jx  and  I2  are  the  nominal  horizontal  partition  and 
2nd  synchrotron  integral  of  the  pre-chicane  ring,  including 
wigglers,  and  the  zl/5-term  is  the  change  in  the  nominal 
equilibrium  emittance  due  to  the  chicane. 


The  change  in  the  5th  synchrotron  integral  is 


where  /i-bar  is  the  mean  beta  function  over  all  dipoles. 
(For  small  lal,  the  /3-function  is  nearly  constant.)  In  a 
symmetric  chicane,  the  angular  dispersion,  tj'(s)  =  s/pc,  is 
equal  in  all  dipoles  and  its  mean-squared  value  over  Lc  is 
( T]z )  =  #c2/3.  Eq.  (3)  is  now  used  to  substitute  for  9C,  and 
relations  for  the  nominal  2nd  synchrotron  integral  and 
horizontal  partition  are  introduced. 


h  = 


3  Cp 

recy3Ty  ’ 


(ID 


Here,  re  is  the  classical  electron  radius  and  c  is  the  speed 
of  light.  The  length  of  the  chicane  is  defined  as  LT  =  4 Lc 
+  2AL.  (This  definition  does  not  include  a  potential  small 
drift  between  center  bends  which  has  no  effect  on  these 
results.)  With  these  relations  added,  the  change  in  the 
nominal  emittance  from  Eq.  (8)  becomes 


o..6 


4  _  TxPy 
Ays  ~  ~Cqrec 


As 


5/2 


Co  l}c  (Lj/2  -  4Lc/3)5/2 


(12) 


The  6th  power  scaling  in  y  holds  only  for  a  constant  Tx. 
The  emittance  increase  is  minimum  at  Lc  =  AL  =  Lj/6  and 


r  flv6  As5/2 

Aye  ~  393  Cqrec-  ~~~r  ^9/2~  ’  (13) 

where  the  chicane  must  satisfy 
2Ai 

l^l“3,fr->  Lc=Lr/6  =  AL.  (14) 

V  ■)Lt 


Eq.  (13)  is  the  equilibrium  emittance  increase  produced 
by  adding,  to  a  damping  ring,  a  chicane  with  additional 
path  length  As.  Numerical  results  are  described  below. 

2.3  Momentum.  Compaction 


The  effect  on  momentum  compaction  of  the  ring  is 


aP=aPo 


(15) 


with  Op0  the  nominal  momentum  compaction.  This  is 
typically  a  very  small  change  in  (Xp  and  also  indicates  that 
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the  chicane’s  effect  on  the  extracted  bunch  length 
(°«  cCpXri)  is  insignificant. 


damping  time  by  -20%.  A  simple  solution  which 
provides  a  ±3-mm  correction  does  not  appear  to  be  viable. 


2.4  Energy  Spread 

Finally,  the  relative  change  in  the  3rd  synchrotron  integral 
is  given  by 


Nb  l\ 


A 

Ob 


3 

«1. 


(16) 


For  the  ATF  chicane  described  above,  Eq.  (16)  is  0.074. 
In  consideration  of  the  small  impact  on  I2  and  insignificant 
change  in  /4  shown  in  Eqs.  (6-7),  the  chicane’s  impact  on 
the  ring’s  energy  spread  can  be  approximated  by 


°S  =  asa 
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: 

T,_  ^  . 

h. 
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Ob 
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+ 

_ i 

oc 

Lb 

,  (17) 


where  J£  =  3  -  tJ tx.  Eq.  (17)  shows  that  the  energy 
spread  can  increase  or  decrease,  depending  on  parameters. 


3  ATF  DAMPING  RING 

Parameters  of  the  ATF  and  NLC  damping  rings,  with 
wigglers  switched  on,  are  listed  in  Table  1 . 


Table  1:  ATF  and  NLC  damping  ring  parameters  with  wigglers 
on  and  no  chicane. 


Parameter 

sym. 

unit 

ATF 

NLC 

Beam  energy 

E 

GeV 

1.54 

1.98 

Arc-dipole  magnet  length 

Lb 

m 

1.0 

1.07 

Arc-dipole  bend  angle 

®b 

deg 

10.0 

10.6 

Total  no.  of  arc-dipoles 

Nb 

— 

36 

34 

Equilibrium  X  emit,  (rms) 

Jim 

4.3 

2.4 

Horizontal  damping  time 

Tx 

msec 

6.8 

5.2 

Vertical  damping  time 

Ty 

msec 

9.1 

5.2 

Mean  beta  at  chicane 

m 

-10 

-6 

Ring  circumference 

Co 

m 

139 

282 

Ratio  wiggler  to  arc  E-loss 

FK 

— 

1.6 

2 

Rel.  energy  spread  (rms) 

0a 

0.1  % 

0.72 

0.91 

Momentum  compaction 

°Po 

— 

1.9 

0.58 

In  order  to  fit  such  a  chicane  into  the  existing  ATF  lattice 
requires  a  free  beamline  section  of  length  >  LT.  In  the 
ATF,  a  2.1 -meter  space  can  be  made  available  by 
removing  one  of  eight  wiggler  sections.  In  this  case,  (Lr 
=  2  m)  the  range  of  Ash  =  ±1  mm  correction  is  possible 
with  a  maximum  emittance  increase  (at  Asb  -  + 1  mm)  of 
-8%  at  1.54  GeV.  This  is  a  fairly  small  circumference 
correction  in  light  of  the  ±3  mm  variations  observed.  It 
may,  however,  be  possible  to  add  two  2-meter  chicanes 
which  will  double  both  the  Asb  range  and  the  emittance 
increase.  This  should  be  compared  with  doubling  the  Asb 
range  using  a  single,  stronger  chicane.  The  latter  method 
multiplies  the  emittance  increase  by  25/2  =  5.7.  The 
double  chicane,  however,  requires  the  elimination  of  25% 
of  the  ATF  wiggler  which  will  increase  the  vertical 


4  NLC  MAIN  DAMPING  RING 

Parameters  of  the  3-bunch  train  NLC  main  damping  ring 
used  here  are  listed  in  Table  1.  These  parameters 
represent  a  recent  proposal  which  includes  40-meters  of 
wiggler  in  order  to  increase  the  net  momentum 
compaction  to  >5x10^. 

In  order  to  provide  a  ±1  mm  circumference  correction 
range  for  the  NLC  ring  requires  a  single  chicane  of  LT  - 
2.6  m,  #Cmax  =  3°,  with  Ae/Eq  «  6%  at  Ash  =  +1  mm.  Two 
such  chicanes  can  provide  a  ±2  mm  range  with  a  12% 
maximum  growth,  or  a  ±1.5  mm  range  at  a  6%  maximum 
growth.  Figure  2  shows  the  relative  emittance  increase 
for  the  NLC  main  damping  ring,  using  Eq.  (13),  for 
chicane  lengths  of  1,  2,  3,  4,  and  5  meters  versus  unipolar 
circumference  correction,  As. 


AS  /mm 


Figure  2:  Relative  equilibrium  emittance  increase  vs. 
circumference  change  for  NLC  main  damping  ring  with  chicane 
lengths,  Lr ,  of  1 ,  2,  3,  4,  and  5  meters  at  1 .98  GeV,  (JJ)  =  6  m, 
yEo  =  2.4  pm,  rx  =  5.2  msec. 

The  effect  of  a  double  chicane  for  the  NLC  can  be 
estimated  if  both  horizontal  and  vertical  scales  of  Figure  2 
are  multiplied  by  2.  In  this  case  As  is  the  total  path  length 
change  and  Ae/Eo  is  the  total  emittance  increase. 
Providing  more  than  ±2  mm  correction  range  for  the  NLC 
using  only  chicanes  may  be  problematic.  Larger 
corrections,  although  not  clearly  necessary,  can  be 
generated  by  either  displacing  ring  components  or  by 
changing  arc  magnet  excitation  levels. 
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Abstract 

In  order  to  preserve  the  very  small  beam  emittance  in 
the  main  linacs  of  future  high-energy  linear  colliders  a 
new  alignment  method,  the  so-called  ballistic  alignment 
method,  has  been  developed.  A  description  of  the  method 
is  given  and  it  is  applied  to  the  Compact  Linear  Collider 
(CLIC)  [1].  In  this  scheme  the  quadrupoles  are  divided 
into  bins  which  are  corrected  one  after  the  other.  In  the 
first  step,  the  quadrupoles  in  a  bin  are  switched  off  to  use  a 
ballistic  beam  to  align  the  beam  position  monitors  (BPMs). 
Next,  a  simple  one-to-one  correction  is  used  to  align  the 
quadrupoles.  The  dependence  of  the  emittance  growth  on 
different  error  sources  is  investigated. 

1  INTRODUCTION 

In  the  main  linac  of  CLIC,  the  beams  are  accelerated  in 
30  GHz  structures.  The  high  rf  frequency  allows  for  high 
acceleration  gradients  and  therefore  a  high  centre-of-mass 
energy,  but  also  leads  to  strong  transverse  wakefield  effects. 

Descriptions  of  the  CLIC  main  linac  lattices  are  given 
in  [2],  Here,  the  focus  is  on  the  machine  with  Ecm  = 
1  TeV,  for  which  the  lattice  consists  of  8  sectors  of  FODO 
cells  of  constant  length  and  phase  advance;  the  most  im¬ 
portant  parameters  are  listed  in  Table  1.  The  ballistic  align¬ 
ment  is  followed  by  tuning  the  emittance  with  bumps  to 
achieve  an  emittance  growth  of  Aey/ eVto  <40%  however 
using  the  technique  alone  would  not  compromise  the  lumi¬ 
nosity  much,  in  contrast  to  the  situation  at  higher  energies. 

In  the  CLIC  lattice,  a  BPM  is  placed  in  front  of  ei»ch 
quadrupole;  this  is  a  significant  difference  to  the  NLC 
where  the  BPMs  are  positioned  in  the  centres  of  the 
quadrupoles  which  allows  very  good  relative  alignment  of 
the  BPM  and  quadrupole  using  a  shunt  method  [3].  On  the 
other  hand,  placing  the  BPMs  outside  the  magnets  allows 
the  CLIC  design  the  use  of  very  precise  rf  BPMs  which 
have  large  outer  diameters  [4].  The  alignment  technique 
has  been  tailored  to  this  difference;  other  possibilities  are 
also  being  investigated  [5]. 

2  DESCRIPTION  OF  THE  METHOD 

The  linac  is  divided  into  bins  which  are  corrected  one  af¬ 
ter  the  other.  Each  bin  starts  with  a  quadrupole  and  ends 
with  a  BPM.  The  next  bin  starts  with  the  quadrupole  im¬ 
mediately  following  this  BPM.  The  quadrupoles  in  the  bin 
are  switched  off  except  for  the  first  one.  Its  field  strength 
is  halved  in  order  to  minimise  the  beam  size  at  the  end  of 

*  Work  partially  supported  by  the  Department  of  Energy,  contract  DE- 
AC03-76SF00515. 
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Table  1 :  Parameters  of  the  CLIC  main  linac  and  beam  at 
Ecm  —  1  TeV.  The  ex  has  not  yet  been  fixed,  its  final  value 
is  taken  overestimating  the  effects  of  coupling  slightly. 


Part,  per  bunch 

N 

4  •  109 

Initial  horizontal  emittance 

1.48  /rm 

Initial  vertical  emittance 

€y 

0.05  /rm 

Bunch  length 

50  fim 

Linac  active  length 

5500  m 

Fill  factor 

74% 

Gradient 

G 

100  MV/m 

the  bin.  With  correction  coil  of  the  first  quadrupole,  the 
beam  is  centred  in  the  BPM  at  the  end  of  the  bin.  Then,  the 
positions  of  the  other  BPMs  are  redefined  such  that  they 
are  centred  on  the  beam.  This  can  be  done  either  by  mov¬ 
ing  them  or  by  adding  an  offset  to  the  measured  position 
values.  The  quadrupoles  are  switched  on  again  and  their 
positions  are  adjusted  so  that  again  all  BPMs  show  no  off¬ 
set. 

In  practice,  the  quadrupoles  can  not  be  switched  off  in 
a  single  step,  since  the  beam  can  reach  rather  large  off¬ 
sets  and  might  hit  the  beam  pipe.  By  reducing  the  magnet 
strengths  gradually  and  adjusting  the  correction  coil  in  par¬ 
allel  this  can  be  avoided.  Furthermore,  because  the  beam 
jitters  transversely,  it  is  not  possible  to  steer  it  exactly  to  the 
centre  of  the  last  BPM.  It  is  therefore  necessary  to  use  the 
position  information  once  it  is  close  to  the  centre  and  cor¬ 
rect  the  measured  values  assuming  a  linear  trajectory.  The 
positions  of  the  BPMs  are  moved  using  this  corrected  sig¬ 
nal.  When  the  quadrupoles  are  switched  on  again  one  has 
to  use  the  same  precautions  as  when  switching  them  off. 


BPM  no 

Figure  1 :  BPM  positions  before  and  after  the  ballistic  cor¬ 
rection  step.  The  earth  field  was  taken  to  be  completely 
uncompensated  (w  ef)  and  fully  compensated  (wo  ef). 
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A  simple  one-to-one  correction  is  performed  correcting  the 
quadrupoles  to  again  centre  the  beam  in  all  BPMs. 

It  is  also  possible  to  achieve  a  ballistic  beam  by  mov¬ 
ing  the  centres  of  the  quadrupoles  in  the  bin  onto  the  beam 
trajectory.  This  can  be  achieved  by  slightly  varying  their 
strength  and  finding  a  position  where  they  do  not  change 
the  trajectory.  This  implementation  also  works  in  simula¬ 
tions  giving  very  promising  results.  It  will  not  be  consid¬ 
ered  in  the  following,  since  an  error  analysis  remains  to  be 
done. 

3  ERROR SOURCES 


Figure  2:  The  normalised  emittance  growth  for  different 
number  of  quadrupoles  per  correction  bin. 


Even  if  the  quadrupoles  are  switched  off,  the  beam  does 
not  follow  a  straight  trajectory.  The  transverse  wakefields 
of  the  structures  deflect  the  beam.  If  the  bin  is  relatively 
long  this  deviation  can  become  large.  In  order  to  prevent 
this  from  leading  to  an  instability  in  the  correction  scheme, 
one  has  to  either  calculate  the  trajectory  including  the  effect 
of  the  structures  or  to  iterate  the  ballistic  step. 

The  magnetic  field  of  the  earth  also  bends  the  trajectory. 
This  effect  can  be  reduced  by  shielding  the  beam  line  or 
by  adding  small  dipoles  to  compensate  the  measured  earth 
field.  Even  if  this  is  not  done,  it  is  possible  to  take  the 
effect  into  account  in  the  correction  algorithm  as  long  as 
the  field  is  measured.  Other  field  sources  may  exist,  for 
example,  the  remanent  field  in  the  quadrupoles  when  they 
are  switched  off.  They  can  disturb  the  trajectory  if  the 
quadrupole  centres  are  far  from  the  beam  trajectory.  The 
alignment  procedure  can  be  repeated  to  yield  convergence. 
While,  in  the  first  step,  the  quadrupoles  can  have  large  off¬ 
sets  with  respect  to  the  beams,  these  will  be  reduced  after 
the  first  iteration  due  to  the  “few-to-few”  correction  with 
the  quadrupoles  switched  on.  This  reduces  the  effect  of  the 
remanent  fields  on  the  beam  trajectory,  resulting  in  a  beam 
that  is  closer  to  being  really  ballistic.  Finally,  the  magnetic 
centres  of  the  quadrupoles  may  shift  as  the  magnets  are 
switched  on  or  off.  In  this  case,  some  residual  effect  can  be 
found. 


4  ASSUMED  TOLERANCES 

All  elements  are  assumed  to  be  initially  scattered  around 
a  straight  line  that  defines  the  ideal  beam  line.  These  po¬ 
sition  errors  arc  assumed  to  follow  a  normal  distribution 
with  a  sigma  of  <jbpm  =  crstruct  =  10  /um  for  the  BPMs 
and  structures  and  crquad  =  50  /v.rn  if  not  otherwise  men¬ 
tioned.  The  resolution  of  the  BPMs  is  ares  —  0.1  //m, 
the  vertical  and  horizontal  jitter  of  the  beam  at  the  linac 
entry  are  (Jjitt,y  =  0.1cry  and  aJltt.x  =  0.1crx,  respec¬ 
tively.  The  beam  also  has  a  constant  offset  of  a0f  jtX  = 
a°ff,y  =  10  Atm  in  the  two  planes.  The  remanent  field 
of  the  quadrupoles  is  assumed  to  have  a  uniform  distribu¬ 
tion  in  the  range  0  —  2  %  of  the  full  gradient.  The  cen¬ 
tres  are  shifted  between  the  two  states  by  a  Gaussian  with 
cr centre  =  10  Atm,  these  shifts  are  constant  from  one  itera¬ 
tion  to  the  next. 
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Figure  3:  The  maximum  beam  size  along  the  linac  during 
the  ballistic  correction  step. 


Only  single  bunch  effects  will  be  considered  in  the  fol¬ 
lowing.  All  simulations  were  performed  using  the  code 
PLACET  [6]  for  100  different  machines.  The  random  num¬ 
ber  generator  was  set  to  the  same  initial  state  for  each  sim¬ 
ulation. 


5  CONVERGENCE 

The  length  of  the  correction  bin  is  important:  if  it  is  too 
short,  the  contribution  from  the  kinks  between  bins  be¬ 
comes  important;  if  it  is  too  long,  the  transverse  size  of  the 
ballistic  beam  becomes  large  and  the  beam  starts  to  deviate 
significantly  from  a  straight  line  due  the  different  imperfec¬ 
tions.  In  Fig.  2,  the  normalised  emittance  growth  is  shown 
for  different  numbers  of  quadrupoles  per  bin.  The  re¬ 
sponse  coefficients  are  calculated  without  taking  the  wake- 
fields  into  account.  With  a  bin  length  of  6  quadrupoles, 
the  method  leads  to  good  results,  and,  with  two  steps,  the 
method  converges.  For  long  sectors,  it  starts  to  become  bad 
again.  This  could  be  avoided  by  doing  the  ballistic  step  in 
several  iterations  with  a  small  gain. 

In  the  following,  a  bin  length  of  12  quadrupoles  is  taken. 
For  this  case,  the  horizontal  and  vertical  beam  sizes  during 
the  ballistic  correction  step  are  shown  in  Fig.  3. 

The  effect  of  the  earth’s  magnetic  field  on  the  correction 
is  displayed  in  Fig.  4.  It  is  significant  but  not  enormous  for 
the  assumed  values  of  40  /jT  vertically  and  20  /iT  horizon¬ 
tally.  The  latter  value  certainly  depends  on  the  direction 
of  the  linac.  Already  a  small  suppression  of  the  field  al¬ 
most  completely  eliminates  the  effect.  In  the  following,  the 
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Figure  4:  The  dependence  of  the  vertical  emittance  growth 
on  the  suppression  of  the  magnetic  field  of  the  earth. 


a  [pm] 

Figure  5:  The  dependence  of  the  emittance  growth  on  the 
size  of  <t struct  and  ct  b pm  • 

earth’s  magnetic  field  will  be  disregarded. 

6  INITIAL  MISALIGNMENT 

As  can  be  seen  in  Fig.  5,  the  emittance  growth  depends 
strongly  on  the  misalignment  of  the  structures.  The  con¬ 
tribution  from  the  initial  misalignment  of  the  BPMs  is  sig¬ 
nificantly  smaller.  It  is  possible  to  align  the  acceleration 
structures  with  respect  to  the  beam  after  the  ballistic  cor¬ 
rection  using  either  the  dipole  signal  from  the  structures 
or  BPMs  on  the  structure  girders.  Here,  it  is  assumed  that 
each  structure  can  be  aligned  separately  with  a  precision  of 
a struct  =  10  Aim  which  corresponds  to  the  initial  misalign¬ 
ment.  The  resulting  emittance  growth  for  different  BPM 
offsets  can  also  be  found  in  Fig.  5.  The  emittance  does  not 
increase  significantly  with  the  initial  BPM  misalignments. 
Aligning  the  structures  with  the  beam  thus  significantly  re¬ 
laxes  the  initial  alignment  tolerances  not  only  for  the  struc¬ 
tures  themselves  but  also  for  the  BPMs.  Also,  the  effect  of 
the  earth’s  magnetic  field  is  reduced,  see  Fig  4. 

The  emittance  increase  does  not  depend  very  much  on 
the  vertical  beam  jitter  during  correction.  A  jitter  of  Ay  = 
0.5<ry  leads  to  an  additional  emittance  increase  of  only  2  %. 
But  a  beam  with  large  jitter  requires  a  significantly  larger 
aperture  to  avoid  losses  and  not  to  be  sensitive  to  quadrupo- 
lar  Wakefields.  This  is  more  likely  to  limit  the  allowed  jitter, 
especially  since  the  resolution  can  in  principle  be  refined  by 
averaging  over  many  pulses. 

The  resolution  assumed  for  the  BPMs  is  very  good.  It 


°res  [ftm] 


Figure  6:  The  emittance  growth  in  the  main  linac  versus 
the  resolution  of  the  BPMs. 

affects  the  precision  of  their  alignement  to  the  beam  in  the 
first  step  of  the  correction  and  the  precision  of  the  one-to- 
one  correction  performed  in  the  second  step.  It  is  assumed 
that  the  signal  used  to  align  the  BPMs  and  that  used  later 
to  align  the  beam  have  the  same  error  size.  Figure  6  shows 
the  dependence  of  emittance  growth  on  the  resolution. 

7  CONCLUSION 

In  this  paper,  the  properties  of  the  ballistic  alignment 
method  have  been  presented  in  some  detail.  This  sim¬ 
ple  method  is  able  to  achieve  a  small  emittance  growth 
in  a  linac  where  the  BPMs  are  not  inside  the  quadrupoles. 
The  effect  of  earth’s  magnetic  field,  remanent  fields  in  the 
quadrupoles,  and  beam  jitter  can  be  kept  under  control.  It 
has  been  shown  that  aligning  the  structures  with  the  help  of 
the  beam  can  significantly  relax  the  alignment  tolerances 
on  all  elements. 
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Abstract 

Due  to  manufacturing  and  construction  errors,  cells  in  ac¬ 
celerator  structures  can  be  misaligned  relative  to  each  other. 
As  a  consequence,  the  beam  generates  a  transverse  wake- 
field  even  when  it  passes  through  the  structure  on  axis.  The 
most  important  effect  is  the  long-range  transverse  wake- 
field  that  deflects  the  bunches  and  causes  growth  of  the 
bunch  train  projected  emittance.  In  this  paper,  the  effect 
of  the  cell-to-cell  misalignments  is  evaluated  using  a  ran¬ 
dom  walk  model  that  assumes  that  each  cell  is  shifted  by 
a  random  step  relative  to  the  previous  one.  The  model  is 
compared  with  measurements  of  a  few  accelerator  struc¬ 
tures. 


models  measurements. 


1  INTRODUCTION 

The  Next  Linear  Collider  (NLC)  is  a  proposed  e+e- 
facility  capable  of  achieving  a  luminosity  in  excess  of 
1034cm~2sec-1  at  a  center-of-mass  energy  of  1  TeV  [1]. 
To  achieve  the  desired  luminosity  with  good  rf-to-beam  ef¬ 
ficiency,  a  train  of  roughly  100  bunches  is  accelerated  on 
each  rf  pulse  in  the  X-Band  (1 1.424  GHz)  linacs.  With  the 
long  bunch  trains,  the  long-range  transverse  wakefield  must 
be  carefully  controlled  to  prevent  beam-breakup  (BBU) 
and/or  dilution  of  the  projected  transverse  phase  space. 

To  prevent  BBU,  the  transverse  wakefield  is  detuned, 
causing  a  rapid  decoherence  of  the  wakefunction,  and  then 
weakly  damped  to  prevent  re-coherence  at  a  later  time 
[2].  Because  of  the  detuning,  the  projected  emittance  of 
the  bunch  train  is  relatively  insensitive  to  rigid  offsets  or 
long  wavelength  misalignments  of  the  accelerator  struc¬ 
tures,  however,  the  internal  misalignments  of  the  acceler¬ 
ator  structures  break  the  detuning  scheme  causing  multi¬ 
bunch  emittance  dilution. 

The  sensitivity  to  misalignments  is  usually  calculated  as 
a  function  of  the  misalignment  wavelength  as  illustrated 
in  Fig.  1 .  However,  without  knowledge  of  the  typical  mis¬ 
alignment  wavelengths,  such  a  description  does  not  provide 
an  easy  method  of  quantifying  the  tolerances.  This  is  par¬ 
ticularly  true  for  the  manufacturing  and  construction  tol¬ 
erances  which  are  short  wavelength  and  thus  cause  multi¬ 
bunch  dilution.  In  this  paper,  we  describe  a  random  walk 
model  for  the  structure  misalignments  which  yields  simple 
tolerances  that  are  straightforward  to  apply  and  reasonably 
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Figure  1:  Example  of  tolerance  vs.  misalignment  wave¬ 
length  in  units  of  the  structure  length  from  Ref.  [1];  note 
that  at  long  wavelength  the  tolerances  are  dominated  by 
the  short-range  wakefield  and  single  bunch  dilutions  while, 
at  short  wavelengths,  the  long-range  wakefield  and  multi¬ 
bunch  dilutions  are  most  important. 

Based  on  the  matrix  wakefield  calculated  for  the  NLC 
accelerator  structure  [2],  and  using  analytical  estimation 
for  the  emittance  growth  in  the  train  [3],  we  find  the  emit¬ 
tance  growth  as  a  function  of  the  step  size  in  the  random 
walk.  This  allows  us  to  estimate  the  tolerances  for  the  mis¬ 
alignment. 

2  EMITTANCE  GROWTH  DUE  TO 
LONG  RANGE  WAKEFIELD 

In  order  to  estimate  the  growth  of  the  projected  emittance 
Ae  of  a  train  of  bunches  caused  by  randomly  misaligned 
structure  in  the  linac  we  will  use  the  following  formula  for 
the  expectation  value  of  Ae  [3] 

(Ae)  =  rlN^0NsL2s(&Sl) 1  ,  (U 

To  7/ 

where  re  is  the  classical  electron  radius,  N  is  the  num¬ 
ber  of  particles  in  the  bunch,  /30  is  the  average  value  of 
the  beta  function  at  the  beginning  of  the  linac,  Ns  is  the 
number  of  structures  in  the  linac,  Ls  is  the  length  of  the 
structure,  70  and  7 /  are  the  initial  and  final  relativistic  fac¬ 
tors  of  the  beam,  and  Sk  is  the  sum  wake.  The  quantity 
Sk  is  defined  as  a  sum  of  the  transverse  wakes  Wi  gener¬ 
ated  by  all  bunches  preceding  the  bunch  number  k  (with 
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Si  =wi  =  0), 


and  AS*  is  the  difference  between  S*  and  the  average 
value  (S),  AS*  =  S*  -  (S),  with 


,  Nb 

«  =  75:£s*. 


where  Nb  is  the  number  of  bunches.  Eq.  (1)  is  derived  as¬ 
suming  a  lattice  with  the  beta  function  smoothly  increasing 
along  the  linac  as  0  E1/2. 

Usually,  when  the  transverse  wake  is  excited  by  an  off 
axis  beam  passing  through  the  structure,  it  is  divided  by 
the  beam  offset,  and  has  dimension  V/pC/m/mm.  In  our 
problem,  however,  the  beam  travels  along  the  axis,  and 
the  wakefield  arises  due  to  the  internal  misalignment  of 
the  cells  within  the  structure.  Hence  w,  has  dimension 
V/pC/m.  It  is  convenient,  however,  to  introduce  a  quan¬ 
tity  E  =  y/(AS2) / A,  where  A  is  the  rms  offset  of  cells  in 
the  structure 

a2  =  fE*2*’  (4) 

c  k=l 

where  rr*  is  the  offset  of  fcth  cell  (( x )  =  0),  and  Nc  is  the 
number  of  cells  in  the  structure.  With  these  definitions,  Eq. 
(1)  takes  the  form 


(Ae)  =  r2N20oNsL2sA2i: 


2a2^21~(7o/7/)1/2 


7o1/27f 


Now,  specifying  an  allowable  fraction  of  the  emittance 
growth  in  the  linac  /,  for  a  given  pattern  of  cell  misalign¬ 
ment,  we  can  find  a  tolerance  on  the  allowable  A  from  the 
equation  (Ae)  =  /e,  where  e  is  the  normalized  vertical 
beam  emittance: 


Atoi  — 


1  /£7q/27//2 

reNLsE  0o Ns  (l  -  (7o/7/)1/2) 


3  TOLERANCE 


From  Eqs.  (2)  and  (3)  and  definition  of  AS*  one  can  ex¬ 
press  (A S|)  in  terms  of  the  wake  w, 

1  Nb 

<ASf)  =  JfZ  E  D*wiw*  ’  (7) 


where,  in  the  limit  Nb  »  1, 

Da  =  Nb(Nb  -  max(i,  k ))  -  ( Nb  -  i)(Nb  -  k) .  (8) 

For  small  misalignments,  w i  is  a  linear  function  of  cell  off¬ 
sets, 


^  Wisxs , 


which  can  be  found  from  the  solution  of  Maxwell’s  equa¬ 
tions  for  the  structure.  The  matrix  WiS  for  the  NLC  struc¬ 
ture  RDDS1  with  206  cells  has  been  calculated  in  Ref.  [4], 
It  has  a  dimension  of  Nb  x  206.  In  our  calculation  we  used 
Nb  =  90  for  bunch  spacing  2.8  ns. 

We  assume  that  the  quantities  xs  are  random  numbers 
that  vary  from  one  structure  to  another  subject  to  a  statisti¬ 
cal  distribution  that  will  be  specified  below.  One  can  then 
average  (A Si)  over  random  variation  of  xs,  and  from  Eqs. 
(7)  and  (9)  find 

,  Nb  Nc 

S2  =  ^E  E  DikWisWkix7xi  i  (10) 

^  i,A=l  s,l=  1 

where  the  bar  indicates  the  statistical  averaging. 

We  considered  two  cases  of  the  linac  with  different  final 
energies.  For  NLC-I  we  used:  E  =  250  GeV,  /  =  10%, 
N  =  0.9  ■  1010,  Ls  =  1.8  m,  Ns  =  2240,  0O  =  7  m, 
E0  =  10  GeV,  Ef  =  250  GeV,  e  =  4  •  10~8  m.  For  NLC- 
II  we  assumed  the  same  parameters  except  E  =  500  GeV, 
Ns  =  4720,  Ef  =  500  GeV,  and  N  =  1.1  •  1010.  Then 
Eq.  (6)  gives  the  tolerance  in  terms  of  the  quantity  E, 


Atoi  [micron]  - 


E  [V/pC/m/mm]  ’ 


Atoi  [micron]  = 


E  [V/pC/m/mm]  ’ 


NLC-I, 

(11) 

NLC -II. 


4  UNCORRELATED  RANDOM  CELL 
MISALIGNMENTS 

As  a  simplest  conceivable  model  for  cell  misalignments, 
we  consider  uncorrelated  random  cell  offsets  with  an  equal 
rms  value  A, 

xjxi  =  A  2dsi.  (13) 

Calculation  of  E  in  this  case  gives  E  =  2.87V/pC/m/mm 
with  the  tolerance  equal  to  Atoi  =12.2  microns  for  NLC-1, 
and  Atoi  =8.1  microns  forNLC-2.  However,  this  tolerance 
is  unrealistic  in  that  it  does  not  model  measured  structure 
misalignments. 

5  RANDOM  WALK  MODEL 

A  more  reasonable  model,  the  random  walk  model,  as¬ 
sumes  that  each  cell  is  randomly  offset  relative  to  the  pre¬ 
vious  one  (beginning  from  x\  =  0)  so  that 


Xi  —  ^  ]  £s  j  (*  -x  1)  > 

S=1 

where  &  are  uncorrelated  random  steps, 

—  h  Sgk  . 
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Figure  2:  Example  of  random  walk  misalignment  with 
fixed  structure  ends. 
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Figure  3:  Measurements  of  the  DDS1  structure  alignment 
from  Ref.  [5];  note  the  large  kink  at  roughly  35  cm  arose 
when  constructing  the  structure  in  segments  and  then  bond¬ 
ing  the  segements  together. 


with  zero  average  and  rms  value  equal  to  h.  In  this  model, 
the  far  end  of  the  structure  will  be  offset  from  the  axis  by 
the  amount  equal  to  the  sum  of  all  steps,  and  on  the  average, 
the  structure  will  be  tilted.  In  reality,  this  tilt  can  be  easily 
corrected  by  rotating  the  structure  by  some  angle.  To  take 
this  correction  into  account,  we  add  a  linear  slope  to  the 
offsets  given  by  Eq.  (14)  such  that  the  last  cell  has  a  zero 
offset,  xnc  =0, 

i— 1  .  Nc- 1 

Xi  ~  XI  &  _  TF  X] 

s=l  iVc  i=l 


Using  Eqs.  (15)  and  (16),  one  can  find  the  correlation  func¬ 
tion  (in  the  limit  Nc  »  1) 


XiXk  =  h2(min(i,k)  -  ^-) , 


and  the  rms  offset  for  fcth  cell 


\k(Nc  -  k ) 
.  Nc 


and  the  rms  offset  for  the  whole  structure 


A2 


1 


k= 1 


(17) 


08) 


(19) 


Figure  4:  Measurements  of  the  DDS3  structure  alignment 
from  Ref.  [6], 


Figs.  3  and  4  respectively.  Using  the  measurement  data  for 
DDS3  and  theoretical  wakefields  from  [4],  we  calculated 
the  quantity  (10)  (without  averaging  indicated  by  the  bar) 
and  found  the  emittance  growth  using  Eq.  (5).  Such  a  cal¬ 
culation  assumes  that  the  misalignment  errors  in  different 
structures  in  the  linac  have  the  same  statistical  value  of  E 
as  the  measured  one.  Our  result  for  the  emittance  growth 
expectation  corresponding  to  the  misalignments  shown  in 
Fig.  4  is  (Ae)  =  1.7  x  10-9  m,  or  about  4%  of  the  nomi¬ 
nal  vertical  emittance  of  the  beam. 


For  90  bunches  we  have 

E  =  1.1  V/pC/m/mm  (20) 

which  gives  the  tolerance  Atoi  =  32  microns  for  250  GeV, 
and  Atoi  =  20  microns  for  500  GeV.  Using  Eq.  (19)  we 
can  convert  these  values  into  a  tolerable  step  h,h  =  5.5  pan 
for  NLC-1,  and  h  =  3.4  pm  for  NLC-2,  respectively. 

6  STRUCTURE  MEASUREMENTS 

Cell  misalignments  for  NLC  structures  DDS1  and  DDS3 
measured,  as  described  in  in  Refs.  [5,  6],  are  shown  in 
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Figure  1 :  Layout  of  the  NLC  Positron  Injector  System. 

Abstract 

The  Next  Linear  Collider  (NLC)  Injector  System  is 
designed  to  produce  low  emittance,  10  GeV  electron  and 
positron  beams  at  120  hertz  for  injection  into  the  NLC 
main  linacs.  Each  beam  consists  of  a  train  of  95  bunches 
spaced  by  2.8  ns;  each  bunch  has  a  population  of 
1.15xl010  particles.  At  injection  into  the  main  linacs,  the 
horizontal  and  vertical  emittances  are  specified  to  be  ye*  = 
3xl0'6  m-rad  and  yey  =  3xl0'8  m-rad  and  the  bunch  length 
is  100  pm.  Electron  polarization  of  greater  than  80%  is 
required.  Electron  and  positron  beams  are  generated  in 
separate  accelerator  complexes  each  of  which  contain  the 
source,  damping  ring  systems,  L-band,  S-band,  and  X- 
band  linacs,  bunch  length  compressors,  and  collimation 
regions.  The  need  for  low  technical  risk,  reliable  injector 
subsystems  is  a  major  consideration  in  the  design  effort. 
This  paper  presents  an  overview  of  the  NLC  injector 
systems. 

1  INTRODUCTION 

In  the  NLC  [1]  Injector  System,  the  electron  and  positron 
beams  are  generated  in  separate  accelerator  complexes 
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located  at  the  entrances  to  the  two  main  linacs,  separated 
by  about  32  km.  Each  injector  complex  consists  of  a 
source  system,  a  damping  ring  complex,  and  a  prelinac 
and  bunch  length  compression  system.  A  schematic 
layout  of  the  positron  injector  systems  is  shown  in  Figure 
1 .  In  the  electron  injector  (not  shown),  redundant  electron 
sources  feed  the  e-  Booster  which  is  coupled  directly  to 
the  e-Damping  Ring  (there  is  no  e-  Predamping  Ring). 
Table  1  lists  the  beam  parameters  at  injection  to  the  main 
linacs. 


Table  1:  NLC  Injector  System  Beam  Parameters 


Energy 

E 

10  GeV 

Energy  Spread 

AE/E 

1% 

Single  Bunch  ctE 

ce/E 

1.5% 

Horizontal  Emittance 

YE* 

3x10 6  m-rad 

Vertical  Emittance 

YEy 

3x1 0'8  m-rad 

Bunch  Length 

Oz 

100  pm 

Electron  Polarization 

Pe 

>80% 

Positron  Polarization 

Pp 

No 

Particles/Bunch 

nb 

1.15x10’° 

Number  of  Bunches 

Nb 

95  bunches 

Bunch  Spacing 

Tb 

2.8  ns 

Repetition  Rate 

f 

120  Hz 

In  the  electron  injector,  polarized  electrons  are  produced 
using  a  III-V  semiconductor  photocathode,  accelerated  to 
1.98  GeV  in  an  S-band  linac  and  injected  into  a  damping 
ring.  Upon  extraction  from  the  damping  ring,  the  bunch 
length  is  compressed  and  the  beams  are  accelerated  to  10 
GeV  in  an  S-band  linac.  Initial  transverse  collimation  is 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 


3447 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


done  prior  to  transport  through  a  180°  turn-around. 
Second  stage  bunch  length  compression  is  accomplished 
using  a  1  GeV  X-band  linac  followed  by  a  dipole  chicane. 
An  optical  matching  section  and  diagnostic  region  follow 
the  compressor  chicane.  Tune-up  dumps  permit  full  beam 
preparation  prior  to  injection  into  the  180°  turn-around 
and  into  the  main  linac. 

On  the  positron  side,  electrons  are  produced  using  a 
thermionic  cathode  and  accelerated  to  an  energy  of  6.22 
GeV  in  an  S-band  linac  before  impacting  a  target  to 
produce  positrons.  Initial  capture  and  acceleration  of 
positrons  to  the  damping  ring  energy  of  1 .98  GeV  is  done 
in  an  L-band  linac  system.  Redundant  e-  and  e-i-  sources 
are  incorporated  into  the  design  to  enhance  availability. 
The  large  positron  emittances  are  initially  damped  in  a 
predamping  ring  prior  to  injection  into  the  damping  ring. 
The  positron  damping  ring  and  subsequent  accelerator 
systems  are  identical  to  those  on  the  electron  side  with  the 
notable  exception  that  polarization  spin  manipulation 
solenoids  and  polarimeter  are  omitted.  The  positron 
beamlines  allow  for  installation  of  spin  preserving 
solenoids  should  the  NLC  be  configured  for  electron- 
electron  collisions. 

The  NLC  emittance  budget  allows  for  dilution  of  the 
beam  emittances  by  20%  in  the  horizontal  and  50%  in  the 
vertical  between  extraction  from  the  damping  rings  and 
injection  into  the  main  linacs.  This  budget  is  used  to 
calculate  tolerances.  The  values  of  ye*  =  3x10  6  m-rad  and 
=  3x1 0'8  m-rad  are  the  undiluted  design  emittances  at 
extraction  from  the  damping  rings. 

2  ELECTRON  PRODUCTION 

Polarized  electrons  are  produced  using  a  conventional  dc 
gun  and  III-V  semiconductor  photocathode.  Electron 
polarization  of  greater  than  80%  is  required.  The  design 
has  a  714  MHz,  2  cavity  subharmonic  bunching  system  to 
allow  for  a  luminosity  upgrade  to  1.4  ns  bunch  spacing. 
The  population  of  individual  bunches  is  a  relatively 
modest  2xl010  e-/bunch  from  the  gun.  This  single  bunch 
intensity  target  has  been  achieved  in  routine  SLC 
operations  with  80%  polarization.  The  requirement  of  95 
successive  bunches  per  beam  pulse  presents  a  significant 
challenge  for  initial  electron  production  from  the  cathode 
due  to  the  charge  limit  phenomenon  [2],  R&D  directed 
towards  an  NLC  cathode  capable  of  producing  the 
requisite  charge  and  polarization  is  ongoing  at  SLAC  and 
Nagoya  University.  Care  is  also  taken  in  the  design  of  the 
bunching  and  linac  systems  to  compensate  for  the  long 
range  longitudinal  wakefield  effects  on  the  95  bunch  train. 

3  POSITRON  PRODUCTION 

Positrons  are  produced  by  targeting  a  6.22  GeV  electron 
beam  into  an  SLC  style  positron  production  system 
consisting  of  a  water-cooled,  4  r.l.  W-Re  target  followed 
by  a  5.8  T  magnetic  flux  concentrator,  a  1.2  T  tapered 
field  solenoid,  and  a  0.5  T  uniform  field  solenoid.  L-band 


accelerator  sections  are  used  in  the  initial  capture  region 
to  accelerate  the  beams  to  250  MeV.  After  separation  and 
removal  of  the  electrons,  the  positrons  are  accelerated  to 
the  predamping  ring  energy  of  1.98  GeV  in  an  L-band 
linac.  A  yield  of  2  positrons  per  electron  into  a  phase 
space  edge  acceptance  of  0.06  m-rad  is  expected.  This 
yield  normalized  by  the  incident  electron  energy  is  a 
factor  of  4  improvement  over  the  SLC  [3],  L-band  (1428 
MHz)  has  been  chosen  because  of  the  large  transverse 
aperture  and  longitudinal  acceptance  which  are  fully 
utilized  in  defining  the  acceptance  and  subsequent  yield 
calculations.  Energy  loading  in  the  initial  capture  regions 
is  compensated  using  a  AF  correction  scheme.  AT 
compensation  is  employed  in  the  rest  of  the  L-band  linac 
[4]. 

The  1998  failure  of  the  SLC  target  has  caused  significant 
concern  regarding  the  viability  of  the  NLC  positron 
system  design  which  is  based  on  the  SLC  system.  The 
concern  is  whether  the  SLC  system  failed  in  an  acute 
manner  from  exceeding  the  target  damage  threshold  or 
from  accumulated  stress  on  the  target.  The  former 
requires  a  significant  redesign  of  the  NLC  positron 
systems  whereas  the  latter  means  that  the  design  is  viable 
albeit  the  targets  will  age  and  require  preemptive 
replacement.  Analysis  of  the  SLC  target  failure  is  being 
undertaken  in  collaboration  with  LLNL  and  LANL.  This 
analysis  is  expected  to  be  completed  during  the  summer 
of  1999. 

4  DAMPING  RINGS 

The  vertical  emittance  of  the  beams  is  reduced  by  a  factor 
of  3000  in  the  damping  rings.  The  rings  operate  at  1 .98 
GeV  and  the  design  output  emittances  are  ye*  =  3xl0’6  m- 
rad  and  ye,,  =  3x10 8  m-rad.  The  transverse  damping  time 
is  5.2  ms.  Damping  occurs  dominantly  from  radiation 
produced  in  a  50  m  wiggler  section.  Beams  are  damped  in 
the  rings  for  25  ms  (three  inter-pulse  periods);  at  any  one 
time  there  are  three  pulse  trains  in  each  ring;  the 
circumference  of  the  rings  is  300  m.  A  1  MW,  714  MHz 
rf  system  generates  gap  voltages  of  1.5  MV  utilizing  3 
FEP-II  style  damped,  rf  cavities  [5];  the  bunch  length  at 
extraction  is  Gz  =  4  mm.  The  rings  are  designed  to  operate 
at  a  maximum  intensity  of  1.6xl010  particles  per  bunch 
whereas  the  nominal  operating  intensity  is  about  1.2xl010. 

A  predamping  ring  reduces  the  initial  positron  rms 
emittances  from  ye^y  =  0.04  m-rad  down  to  yE*/y  = 
100x1 0’6  m-rad  for  injection  into  the  positron  main 
damping  ring.  Beams  are  predamped  for  16.6  ms;  there 
are  two  pulse  trains  in  the  system  at  any  time;  the 
circumference  of  the  predamping  ring  is  210  m  [6]. 

5  INJECTOR  LINACS 

Seven  rf  linacs,  six  capture  regions,  and  four  compressor 
sections  are  required  in  the  NLC  Injector  System.  These 
linacs  are  based  on  L-band,  S-band,  and  X-band  rf 
systems.  S-band  linacs  are  used  for  the  initial 
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acceleration  of  electrons  on  both  the  electron  and  positron 
side,  for  energy  compression  of  electrons  prior  to 
injection  into  the  damping  ring,  and  for  acceleration  from 
1.98  GeV  to  10  GeV  after  the  damping  rings  on  both 
sides.  L-band  linacs  are  used  for  the  initial  positron 
capture  and  acceleration  to  1.98  GeV.  L-band  rf  sections 
are  also  employed  for  energy  compression  of  positrons 
prior  to  injection  into  the  predamping  ring  and  for  the  first 
stage  of  bunch  length  compression  of  both  electrons  and 
positrons.  The  linacs  used  for  the  second  stage  bunch 
length  compression  are  based  on  the  X-band  technology 
being  developed  for  the  NLC  main  linacs.  The  beam 
loaded  gradients  in  the  L-band  and  S-band  linacs  have 
been  chosen  to  be  13  MV/m  (15  MV/m)  and  17  MV/m 
(21  MV/m  unloaded),  respectively  [7].  The  operating 
gradient  at  X-band  is  46  MV/m  loaded  (66  MV/m 
unloaded). 

The  standard  L-band  rf  module  consists  of  a  single 
klystron  feeding  a  single  SLED  system  which  in  turn 
powers  three  5  m  long  accelerator  sections.  A  standard  S- 
band  rf  module  has  a  single  klystron  powering  a  single 
SLED  system  with  the  outputs  of  two  SLEDs  combined  to 
power  six  4  m  long  accelerator  sections  (each  klystron 
effectively  feeds  3  accelerator  sections).  A  standard  NLC 
X-band  klystron  8-pack  powers  twelve  1.8  m  accelerator 
structures. 

Both  the  L-band  and  S-band  systems  use  double  iris,  side- 
wall  coupled  KEK  style  SLED-I  rf  compression  systems 
[8],  The  L-band  SLED  systems  are  scaled  versions  of  the 
S-band  SLEDs  with  modification  to  the  coupling  p  for 
performance  optimization.  A  single  klystron  feeds  a 
SLED  system.  The  outputs  of  the  S-band  SLEDs  are 
combined  and  distributed  to  the  accelerator  sections.  The 
combination  of  the  SLEDs  permits  vernier  control  of  the 
rf  waveform  for  beam  loading  compensation  while 
allowing  for  constant  power  delivery  to  the  structures  in 
the  event  that  beam  pulses  are  suppressed  or  shortened 
during  a  machine  protection  system  fault  and  recovery. 
At  X-band,  a  modified  DLDS  is  used  for  rf  pulse 
compression.  Modification  is  required  because  the 
distance  between  the  triplets  of  sections  is  reduced  in  the 
Injector  System  design  with  respect  to  the  layout  in  the 
NLC  main  linacs.  The  DLDS  is  doubled  in  length  and 
folded  back  upon  itself. 

The  output  of  the  S-band  klystron  is  65  MW  for  5  ps.  It 
is  essentially  an  improved  version  of  the  SLAC  5045 
tube.  L-band  klystrons  of  75  MW,  6  ps  should  be 
achievable  with  existing  technology.  The  X-band  tubes 
are  standard  NLC  75  MW,  1.5  ps  devices. 

In  total,  the  NLC  Injector  System  design  has  441 
accelerator  sections  powered  by  157  klystrons  and  136 
SLEDs  at  S-band,  44  accelerator  sections  powered  by  23 
klystrons  and  14  SLEDs  at  L-band,  and  24  accelerator 
sections  powered  by  16  klystrons  and  2  DLDSs.  All  of 
this  hardware  needs  to  be  developed. 


6  BUNCH  LENGTH  COMPRESSION 

The  bunch  length  of  the  extracted  damping  ring  beam  is 
reduced  in  2  stages.  An  80  MeV  section  of  L-band  linac 
and  a  10-dipole  wiggler  reduces  cz  from  4  mm  to  500  pm 
prior  to  injection  into  the  prelinac.  After  acceleration  to 
10  GeV  and  precollimation,  transport  through  a  314  m 
long  180°  turn-around,  a  1  GeV  X-band  linac,  and  a  32- 
magnet  dipole  chicane  reduces  c?z  from  500  pm  to  100  pm 
for  injection  into  the  main  linacs.  Three  bunch  length 
diagnostic  stations  provide  tune-up  and  monitoring 
capability.  Each  az  station  contains  an  optical  port  for 
streak  camera  measurements  and  an  rf  cavity  for  parasitic 
monitoring.  For  cz  =  100  pm,  streak  camera  resolution 
may  not  adequate  in  which  case  fourier  spectroscopy 
techniques  will  be  used.  As  a  backup,  the  first  diagnostic 
station  in  the  main  linac  can  be  used  as  a  bunch  length 
monitor  using  a  standard  cross-phasing  technique. 

7  SPIN  SYSTEM  AND  PRECOLLIMATION 

Superconducting  solenoids  are  used  in  conjunction  with 
the  bending  in  the  damping  ring  transport  lines  to  rotate 
the  electron  spin  into  the  vertical  for  damping  and  then 
into  arbitrary  orientation  for  injection  into  the  prelinac 
system.  After  the  damping  ring,  the  asymmetry  in  beam 
emittances  dictates  that  the  solenoids  be  split  and 
separated  by  an  optical  transformation  of  +1  in  X  and  -I  in 
Y  to  prevent  vertical  emittance  dilution  due  to  coupling. 
A  Compton  polarimeter  located  at  injection  to  the  main 
linac  utilizes  a  laser  wire  IP,  polarized  laser  light,  and  the 
second  tune-up  dumpline.  Polarization  measurements 
require  dedicated  beam  time. 

Initial  collimation  of  transverse  beam  halo  and  tails 
occurs  prior  to  transport  through  the  1 80°  turn-around  of 
the  second  bunch  length  compressor.  Collimation  is  done 
using  a  set  of  8  horizontal  and  4  vertical,  adjustable  jaw 
pairs.  Additional  cleanup  of  the  debris  generated  by  the 
collimation  takes  place  downstream  in  the  high  dispersion 
regions  of  the  180°  turn-around. 
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RECENT  DEVELOPMENTS  IN  THE  DESIGN  OF  THE 
NLC  POSITRON  SOURCE* 

T.  Kotseroglou#  ,  V.  Bharadwaj,  J.  E.  Clendenin,  S.  Ecklund,  J.  Frisch,  P.  Krejcik,  A.  V.  Kulikov,  J. 
Liu,  T.  Maruyama,  K.K.  Millage,  G.  Mulhollan,  W.  R.  Nelson,  D.  C.  Schultz,  J.  C.  Sheppard,  J. 
Turner,  SLAC;  K.  Van  Bibber,  LLNL;  K.  Flottmann,  DESY;  Y.  Namito,  KEK. 


Figure  1.  Schematic  layout  of  the  positron  source.  The  S-Band  electron  injector  at  6.22  GeV  is  at  the  left  of  the  figure 
(not  to  scale).  There  are  two  positron  targets  for  reliability  purposes.  The  capture  and  acceleration  system  is  chosen  to 
be  to  L-Band  (at  the  right  of  the  figure,  not  to  scale) 


Abstract 

Recent  developments  in  the  design  of  the  Next  Linear 
Collider  (NLC)  positron  source  based  on  updated  beam 
parameters  are  described.  The  unpolarized  NLC  positron 
source  [1,2]  consists  of  a  dedicated  6.2  GeV  S-band 
electron  accelerator,  a  high-Z  positron  production  target,  a 
capture  system  and  an  L-band  positron  linac.  The  1998 
failure  of  the  SLC  target,  which  is  currently  under 
investigation,  may  lead  to  a  variation  of  the  target  design. 
Progress  towards  a  polarized  positron  source  is  also 
presented.  A  moderately  polarized  positron  beam 
colliding  with  a  highly  polarized  electron  beam  results  in 
an  effective  polarization  large  enough  to  explore  new 
physics  at  NLC.  One  of  the  schemes  towards  a  polarized 
positron  source  incorporates  a  polarized  electron  source,  a 
50  MeV  electron  accelerator,  a  thin  target  for  positron 
production  and  a  new  capture  system  optimized  for  high- 
energy,  small  angular-divergence  positrons.  The  yield  for 
such  a  process,  checked  using  the  EGS4  code,  is  of  the 
order  of  10  3.  The  EGS4  code  has  being  enhanced  to 
include  the  effect  of  polarization  in  bremsstrahlung  and 
pair-production  process. 

1  INTRODUCTION 

In  the  NLC  electrons  and  positrons  are  generated  in 
separate  accelerator  complexes.  A  schematic  layout  of  the 
positron  injector  systems  is  shown  in  Figure  1.  Table  1 
lists  the  parameters  of  the  drive  electron  beam  that  creates 
the  positrons  and  of  the  positron  target  and  Table  2  lists 
the  positron  beam  parameters. 


Table  1:  NLC  Injector  Positron  System  Drive  Electron 
Beam  and  Positron  Target  Parameters 


Parameter 

Value 

Energy,  E  (GeV) 

6.2 

Energy  Spread,  dE/E  (%) 

±  1.0 

Single  Bunch,  dEs/E  (%) 

<0.5 

Linac  Frequency  (MHz) 

2856 

Emittance  ( 1 0‘6  m-rad) 

100 

Particles/Bunch,  Nb(1010) 

2 

Pop.  Uniformity  dN|/Nb  (%) 

<0.5 

Number  of  Bunches  Nb 

95 

Beam  radius  (mmrms) 

1.6 

Bunch-length  ,  dt  (ps,  FWHM) 

17.5 

Total  Beam  power/area  GeV/mm2  (1012) 

1.5 

Bunch  spacing  (ns) 

2.8 

Repetition  rate  (Hz) 

120 

Average  Beam  Power  (kW) 

226 

Target  thickness  W-Re(RL) 

4 

Target  power  (kW) 

23 

On  the  positron  side,  electrons  are  produced  using  a 
thermionic  cathode  and  accelerated  to  an  energy  of  6.22 
GeV  in  an  S-band  linac  before  impacting  a  target  to 
produce  positrons.  Initial  capture  and  acceleration  of 
positrons  to  the  damping  ring  energy  of  1.98  GeV  is  done 
in  an  L-band  (1428  MHz)  linac  system.  The  beam-loaded 
gradients  in  the  L-band  and  S-band  linacs  have  been 
chosen  to  be  13  MV/m  and  17  MV/m,  respectively  (17 
MV/m  and  21  MV/m  unloaded).  For  a  detailed 
description  please  see  ref.  [3] 
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Table  2:  NLC  Injector  System  Positron  Beam  Parameters 


Parameter 

Value 

Linac  Frequency  (MHz) 

1428 

Energy,  E  (GeV) 

1.98 

Energy  Spread,  dE/E  (%) 

<1 

Single  Bunch,  dEs/E  (%) 

<1.2 

Emittance,  norm.(  m-rad) 

0.06  (edge) 

Bunch-length,  dz  (mm,  sigma) 

3.7 

Particles/Bunch,  nb  ( 1010) 

1.6 

Pop.  Uniformity  dnb/nb  (%) 

<1 

Number  of  Bunches  Nb 

95 

Bunch  spacing  (ns) 

2.8 

Repetition  rate  (Hz) 

120 

Pre-DR  acceptance  (m-rad) 

0.09 

Pre-DR  Energy  acceptance  (%) 

+-1.5 

Redundant  e-  and  e+  sources  are  incorporated  into  the 
design  to  enhance  availability  (fig.  1).  In  the  baseline 
design  the  positron  damping  ring  and  subsequent 
accelerator  systems  do  not  include  polarization  spin 
manipulation  solenoids  or  polarimeters.  The  positron 
beamlines  allow  for  a  later  installation  of  spin  preserving 
solenoids  should  the  NLC  be  configured  for  electron- 
electron  collisions  or  address  the  issue  of  polarized 
positrons.  The  NLC  emittance  budget  allows  for  dilution 
of  the  beam  emittances  by  20%  in  the  horizontal  and  50% 
in  the  vertical  between  extraction  from  the  damping  rings 
and  injection  into  the  main  linacs.  This  budget  is  used  to 
calculate  tolerances.  The  initial  positron  rms  emittances 
after  the  target  are  =  0.04  m-rad  and  reduced  to  yE^y 
=  lOOxlO"6  m-rad  for  injection  into  the  positron  main 
damping  ring  [3], 

2  BASELINE  DESIGN  FOR  NLC 
POSITRON  PRODUCTION 

Positrons  are  produced  by  targeting  a  6.22  GeV  electron 
beam  into  an  SLC  style  positron  production  system  (  fig. 
1).  The  target  module  consists  of  a  water-cooled,  4  r.l.  W- 
Re  target  followed  by  a  5.8  T  magnetic  flux  concentrator, 
a  1.2  T  tapered  field  solenoid,  and  a  0.5  T  uniform  field 
solenoid  as  seen  in  fig.2  [1]. 


Flux 

Concentrator 


Figure  2.  The  target  module 
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Figure  3.  Cross  section  and  detail  of  the  cooling  scheme 
of  the  SLC  and  proposed  NLC  target. 

L-band  accelerator  sections  are  used  in  the  initial  capture 
region  to  accelerate  the  beams  to  250  MeV.  After 
separation  and  removal  of  the  electrons,  the  positrons  are 
accelerated  to  the  pre-damping  ring  energy  of  1.98  GeV 
in  an  L-band  linac 

A  yield  of  2  positrons  per  electron  into  a  phase  space  edge 
acceptance  of  0.06  m-rad  is  expected.  This  yield 
normalized  by  the  incident  electron  energy  is  a  factor  of  4 
improvement  over  the  SLC.  L-band  has  been  chosen 
because  of  the  large  transverse  aperture  and  longitudinal 
acceptance,  which  are  fully  utilized  in  defining  the 
acceptance  and  subsequent  yield  calculations.  Energy 
loading  in  the  initial  capture  regions  will  be  compensated 
using  a  AF  correction  scheme  but  AT  will  be  used  for  the 
L-band  Linac. 

3  RECENT  DEVELOPMENTS  WITH  THE 
SLC  TARGET 


During  the  1998  SLC  run  the  positron  target  (fig.3)  failed, 
after  many  years  of  use,  showing  a  water-to-vacuum  leak. 
When  the  target  system  was  removed  from  the  beamline, 
some  damage  on  the  downstream  side  of  the  target  was 
observed  and  target  material  was  seen  in  the  flux 
concentrator  immediately  downstream  of  the  target. 

This  has  caused  significant  concern  regarding  the  viability 
of  the  NLC  positron  system  design  since  the  NLC  design 
is  based  on  the  SLC  system.  The  concern  is  whether  the 
SLC  system  failed  in  an  acute  manner  from  exceeding  the 
target  damage  threshold  or  from  chronic  degradation  of 
the  target.  The  former  would  require  a  significant 
redesign  of  the  NLC  positron  systems  whereas  the  latter 
would  mean  that  the  NLC  design  is  viable  albeit  the 
targets  will  age  and  require  preemptive  replacement  [3]. 
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Analysis  of  the  SLC  target  failure  is  being  undertaken  as  a 
program  that  consists  of  calculations  on  target  cooling  and 
on  shock  waves  from  drive  beam  impact,  and  of  analysis 
of  the  damaged  SLC  target.  The  calculations  are 
performed  in  collaboration  with  LLNL.  Material  analysis 
of  the  target  is  done  with  collaboration  with  LANL.  This 
work  is  currently  concentrating  on  producing  pictures  of 
target  details,  x-ray  and  SEM  pictures,  performing 
material  hardness  tests  and  isotope  analysis.  This  analysis 
is  expected  to  be  completed  during  the  summer  of  1999. 

4  POLARIZED  POSITRONS  FOR  NLC 

There  are  some  advantages  for  NLC  if  polarized  electrons 
collide  with  polarized  positrons  [4,5],  Although  the 
baseline  design  of  NLC  does  not  include  polarized 
positrons  we  have  started  an  effort  of  studying  various 
new  methods  of  polarized  positron  production.  Currently 
the  most  promising  is  the  helical  undulator  approach  [6], 
although  new  experiments  using  CCL  lasers  on  electron 
beams  may  also  prove  to  provide  an  adequate  source  of 
polarized  positrons  [7].  We  have  been  recently  looking 
into  a  new  idea  of  using  a  polarized  electron  beam  on  a 
thin  target  [8]  and  efficiently  collecting  the  polarized 
positrons  produced  at  the  peak  of  the  output  energy 
distribution.  Here  we  present  a  preliminary  study  of  this 
scheme.  We  used  a  modified  version  of  the  EGS  code  that 
includes  polarization  for  bremsstrahlung,  Compton  and 
pair  production,  with  input  electron  drive  beams  [5],  The 
spin  flip  for  input  y’s  is  small  for  thin  targets  and  can  be 
calculated  efficiently  using  a  numerical  code  [7],  Using  a 
50  MeV  electron  drive  beam  and  0.2  radiation  lengths  of 
W-Re  target,  the  yield  of  polarized  positrons  with  energy 
higher  than  25  MeV  is  approximately  0.06%  with  average 
polarization  85%  of  the  input  electron  polarization  (fig.4). 
The  electron  energy  has  not  been  optimized  yet,  but  was 
chosen  as  a  benchmark  for  the  numerical  calculations 
presented  in  [8].  The  low  yield  suggests  that  a  long  pulse 
drive  beam  is  needed  in  order  to  create  the  number  of 
positrons  needed  at  the  IP,  which  complicates  both  the 
drive  accelerator  and  the  positron  accelerator.  Using  the 
above-mentioned  parameters,  the  electron  beam  power 
required  to  produce  an  NLC  type  positron  beam  is 
approximately  2.4  MW,  if  the  capture  system  is  100% 
efficient.  A  sizable  dump  should  be  constructed  to  collect 
the  electrons  after  the  target,  while  the  radiation  issues 
due  to  gammas  generated  on  the  target  create  an  extra 
problem.  The  energy  loss  in  the  target  is  approximately 
4%  and  the  power  dissipated  is  96  kW,  which  is  4  times 
that  of  the  baseline  NLC  design.  Assuming  an  input 
electron  beam  with  a  =2  mm  the  energy  density  of  the 
impinging  electron  beam  is  close  to  the  upper 
experimental  limit  [2],  Furthermore,  in  order  to  recreate 
the  pulsetrain  of  positron  pulses  needed  at  the  IP  an 
appropriate  accumulator  ring  has  to  be  designed.  The  high 
polarization  positrons  are  concentrated  in  the  forward 
direction  so  the  capture  system  will  vary  from  the  baseline 
design  (fig.5).  We  are  currently  studying  the  viability  of 
the  above-mentioned  polarized  positron  scheme. 


Figure  4.  Positron  yield  and  polarization  for  50  MeV 
electron  drive  beam  and  0.2  radiation  lengths  of  W-Re. 
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Figure  5.  Positron  yield  vs  polar  angle  of  momentum 
vector. 
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Abstract 

The  design  of  the  NLC  Beam  Delivery  System  requires  a 
firmer  understanding  of  the  effects  of  collimators  on  short, 
intense  bunches  than  is  presently  available.  We  describe  an 
experiment  to  directly  measure  these  effects  through  use  of 
a  dedicated  apparatus  located  at  the  1.19  GeV  point  in  the 
SLAC  Linac.  The  apparatus  consists  of  an  outer  vacuum 
vessel  and  an  interchangeable  insertion  containing  up  to  5 
distinct  collimator  apertures.  The  insertion  is  capable  of 
remote-controlled  translation,  allowing  the  collimator  aper¬ 
tures  to  be  misaligned  relative  to  the  electron  beam  without 
changing  the  incoming  beam  orbit;  the  wakefield  deflection 
is  then  measured  by  observing  the  change  in  the  outgoing 
orbit  on  32  beam  position  monitors.  The  parameters  of  the 
apertures  have  been  selected  to  allow  confirmation  of  the 
scaling  laws  for  collimator  Wakefields,  and  to  strongly  en¬ 
hance  either  the  geometric  or  resistive  wall  contribution  of 
each  aperture.  Details  of  the  apparatus  design,  the  aperture 
parameters,  and  the  experimental  program  are  discussed. 

1  INTRODUCTION 

The  Next  Linear  Collider  (NLC)  post-linac  collimation 
section  is  a  2.5  km  long  section  of  beamline  the  purpose  of 
which  is  to  prevent  particles  at  large  amplitudes  from  en¬ 
tering  the  final  focus,  where  they  would  cause  unacceptable 
detector  backgrounds.  The  design  of  the  NLC  collimation 
section  is  substantially  based  upon  experience  at  the  Stan¬ 
ford  Linear  Collider  (SLC)  with  a  similar  collimation  sys¬ 
tem  interleaved  with  accelerator  structures  in  the  last  300 
meters  of  the  linac. 

One  of  the  central  design  specifications  of  the  NLC  colli¬ 
mation  system  is  the  contribution  to  luminosity  degradation 
from  collimator  short-range  dipole  Wakefields.  A  beam 
which  passes  off-center  through  a  collimator  experiences  a 
deflection  due  to  Wakefields;  therefore  a  collimation  system 
will  amplify  incoming  jitter.  The  NLC  collimation  system 
has  been  limited  to  a  25%  increase  in  beam  jitter  due  to 
collimator  wakefields. 

The  present  understanding  of  collimator  wakefields  is 
not  adequate  to  confidently  predict  the  jitter  amplification 
of  a  given  collimator  design.  The  NLC  collimators  are  ex¬ 
pected  to  utilize  a  smooth  taper  to  match  between  a  rect¬ 
angular  aperture  and  a  cylindrical  beampipe.  The  analytic 
expression  for  the  deflection  of  an  electron  bunch  due  to 
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the  geometric  wakefield  of  such  a  collimator  is  [1]: 


A.j-«Nr‘  *h  fro  ~n){rl-Tl) 

Ay  _2— -  - - - y0, 


7  2y/K  <JzLTrlr{ 


(1) 


where  t/o  is  the  beam  offset  in  the  collimator,  N  is  the 
bunch  population,  re  is  the  classical  electron  radius,  7  is 
the  relativistic  factor,  az  is  the  RMS  bunch  length,  Lt  is 
the  taper  length,  r0  and  77  are  the  radius  of  the  beampipe 
and  half-aperture  of  the  gap,  respectively,  and  h  is  the 
transverse  width  of  the  gap  (e.g.,  the  horizontal  width  of 
a  vertical  collimator).  As  expected,  the  deflection  in  Equa¬ 
tion  1  vanishes  when  77  — >  7*0;  however,  the  deflection  is 
also  proportional  to  h,  implying  that  the  deflection  from  an 
infinitely-wide  collimator  diverges. 

The  resistive  contribution  to  the  wakefield  deflection  is 
expected  to  be  [2]: 
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where  Zo  is  the  impedance  of  free  space,  a  is  the  con¬ 
ductivity  of  the  collimator,  e  is  the  electron  charge,  E  is 
the  beam  energy,  (/)  is  a  constant  arising  from  integration 
of  the  kick  over  the  (presumed)  Gaussian  distribution  in 
z  ((f)  «  0.724),  and  an  is  a  form  factor  equal  to  1  for 
a  cylindrical  collimator  and  equal  to  7t2/8  for  a  rectangu¬ 
lar  collimator.  Note  that  Equation  2  does  not  contain  non¬ 
physical  divergences  and  predicts  a  deflection  even  from  a 
perfectly  regular  vacuum  pipe  (t’o  =  77).  However,  mea¬ 
surements  of  the  deflection  due  to  the  wakefields  from  the 
SLC  collimators  have  exceeded  those  predicted  by  Equa¬ 
tions  1  and  2  by  up  to  a  factor  of  4  [3]. 

Collimator  wakefield  measurements  [3,  4,  5]  have  his¬ 
torically  been  difficult  to  interpret  because  they  have  been 
made  on  existing  collimator  installations,  which  are  de¬ 
signed  to  minimize  wakefield  contributions  rather  than  to 
amplify  certain  features  of  the  wakefields  over  others.  For 
example,  the  SLC  collimator  study  discussed  in  [3]  at¬ 
tempted  to  separate  the  resistive  and  geometric  wakes  by 
measuring  the  deflection  as  a  function  of  bunch  length: 
since  Equation  1  predicts  that  Ay'  oc  l/erz,  while  Equa¬ 
tion  2  predicts  that  Ay'  oc  1/ sfa~z,  the  contributions  from 
the  two  components  could  be  inferred  by  such  a  measure¬ 
ment.  However  interpretation  of  such  a  measurement  is  far 
from  straightforward  due  to  uncertainty  in  the  actual  bunch 
length,  response  of  beam  monitors  in  the  SLC  under  con¬ 
ditions  of  changing  bunch  length,  and  the  impact  of  bunch 
length  on  the  wakefields  from  the  RF  structures  which  fill 
the  linac  and  complicate  any  trajectory  measurement.  A 
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more  optimal  measurement  could  be  made  at  a  dedicated 
facility,  in  which  collimators  of  any  design  could  be  tested. 
As  part  of  the  NLC  research  project  at  SLAC,  we  have  de¬ 
signed  such  a  facility. 

2  OVERALL  DESIGN 

The  collimator  wakefield  apparatus  is  a  vacuum  vessel  with 
approximate  dimensions  1.7  meters  x  0.6  meters  x  0.3  me¬ 
ters,  as  shown  in  Figure  1.  The  vessel  is  designed  with  a 
lid  which  can  easily  be  removed  and  replaced  to  allow  ac¬ 
cess  to  the  interior.  The  vessel  contains  an  insertion,  which 
is  a  long  block  of  aluminum  containing  5  apertures;  each 
aperture  can  be  fitted  with  a  collimator  of  any  geometry 
desired. 


Stepper  Motor 


Figure  1:  Diagram  of  collimator  wakefield  test  apparatus, 
side  view  (top)  and  end  view  (bottom).  The  long,  coarse 
translation  stage  and  stepper  motor  move  the  insertion  in 
x  to  engage  a  test  aperture;  the  FFTB  magnet  mover  then 
moves  the  entire  vacuum  vessel  in  y  to  produce  a  beam- 
aperture  displacement,  which  results  in  a  measurable  de¬ 
flection. 

The  cartridge  rides  on  a  platform  which  is  connected  to 
an  external  horizontal  translation  stage;  the  stage  engages 
whichever  of  the  apertures  is  to  be  used  for  experimenta¬ 
tion.  In  this  way  a  series  of  related  collimators  can  be 
tested  in  sequence  without  entering  the  accelerator  hous¬ 
ing  or  disturbing  the  vacuum  vessel.  When  the  translation 
stage  moves  to  its  full-out  position,  the  insertion  is  removed 
completely  from  the  path  of  the  beam. 

The  vacuum  vessel  is  mounted  on  a  vertical  translation 
stage  which  has  a  range  of  ±1.5  millimeters  and  a  step  size 
of  1  fim.  Once  one  of  the  test  apertures  is  engaged,  the  ver¬ 
tical  stage  is  used  to  make  a  precise  translation  of  the  appa¬ 
ratus.  The  wakefields  due  to  the  collimator  in  the  aperture 
will  produce  a  deflection,  which  can  be  observed  on  beam 
position  monitors  downstream  of  the  apparatus. 


Wakefield  deflections  are  inversely  proportional  to  beam 
energy,  and  therefore  the  apparatus  should  be  installed  at 
a  location  where  the  beam  energy  is  relatively  low.  The 
location  selected  is  the  SLAC  linac  spin  rotator  location 
immediately  downstream  of  the  point  where  the  damped 
1.19  GeV  beams  re-enter  the  linac.  This  location  is  just 
upstream  of  the  ASSET  location,  which  allows  a  similar 
experiment  on  RF  structures  using  a  drive  beam  from  the 
positron  damping  ring  and  a  witness  beam  from  the  elec¬ 
tron  damping  ring[6].  The  collimator  wakefield  experiment 
will  require  only  one  beam.  The  deflection  will  be  mea¬ 
sured  by  recording  the  beam  position  on  each  of  32  beam 
position  monitors  downstream  of  the  apparatus  location,  as 
well  as  several  monitors  upstream  of  the  apparatus.  The 
deflection  will  be  reconstructed  after  pulse-to-pulse  jitter  is 
subtracted  using  the  upstream  BPMs.  Because  the  down¬ 
stream  BPMs  are  largely  interleaved  with  accelerator  struc¬ 
tures,  it  is  desirable  to  use  a  low  bunch  charge  so  that  the 
wakefields  from  the  structures  can  be  neglected.  Our  test 
apertures  are  designed  to  produce  a  measurable  deflection 
for  a  bunch  charge  of  1  x  1010.  This  is  sufficiently  below 
the  threshold  of  instability  in  the  linac  that,  if  additional 
resolution  is  called  for,  the  bunch  charge  can  be  increased 
moderately  for  some  measurements. 


3  INSERTION  DESIGN 


The  bulk  of  the  insertion  should  be  constructed  from  a 
material  with  a  high  conductivity  in  order  to  avoid  pro¬ 
ducing  unwanted  resistive-wall  wakefields;  it  should  be  as 
light  as  possible  to  facilitate  installation  and  removal  in  the 
cramped  experimental  area;  and  it  should  be  made  from  a 
material  which  is  easy  to  machine.  On  the  basis  of  these 
criteria,  aluminum  was  chosen  for  the  material. 

The  insertion  contains  1  circular  beam  channel  and  4 
square  ones,  each  with  a  full  bore  of  4  cm.  The  total  length 
of  the  insertion  is  1 .5  meters,  in  order  to  accomodate  the 
longest  collimators  foreseen  for  measurement.  In  order  to 
simplify  installing  and  removing  collimator  apertures  from 
the  channels,  it  was  constructed  in  a  split  configuration  with 
a  top  half  and  a  bottom  half  which  can  be  disassembled  and 
reassembled  easily. 

The  clearance  between  the  insertion  and  the  impedance¬ 
matching  flanges  at  either  end  of  the  vacuum  vessel  is  1 
mm.  This  produces  a  small  discontinuity  wakefield,  but  the 
clearance  was  deemed  necessary  to  ensure  that  the  insertion 
could  move  easily  on  its  horizontal  stage.  The  deflection  re¬ 
sulting  from  the  discontinuity  is  believed  too  small  to  mea¬ 
sure,  but  this  will  be  checked  by  engaging  the  cylindrical 
channel  without  any  collimator  aperture  and  measuring  the 
deflection  as  a  function  of  the  vertical  stage  position.  This 
will  allow  us  to  subtract  the  deflection  due  to  the  vacuum 
vessel,  discontinuities,  and  other  construction  features. 
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4  APERTURE  DESIGN 

In  order  to  separately  measure  the  contributions  of  geomet¬ 
ric,  resistive,  surface  finish,  etc.  wakefields,  it  is  necessary 
to  carefully  construct  each  test  aperture  to  enhance  one  par¬ 
ticular  source  of  deflections  and  reduce  the  rest.  The  first 
set  of  apertures  are  intended  to  maximize  geometric  wake- 
fields.  Therefore  they  are  all  constructed  from  copper,  with 
a  good  finish,  and  all  the  apertures  are  short  in  z. 

Table  1  shows  the  parameters  of  the  first  set  of  test  aper¬ 
tures  to  be  measured.  Note  that  the  predicted  deflections 
are  calculated  for  a  round  pipe  tapering  down  to  either  a 
round  or  a  rectangular  aperture;  we  approximate  these  with 
a  square  pipe  tapering  down  to  a  square  aperture  in  the  for¬ 
mer  case,  and  a  square  pipe  tapering  down  to  a  rectangular 
aperture  in  the  latter.  Computation  of  the  wakefields  for 
our  precise  geometry  is  difficult  and  uncertain,  but  the  ex¬ 
pected  deviation  from  the  cylindrical  approximation  is  on 
the  order  of  20%.  The  expected  resolution  of  the  technique, 
based  on  ASSET  measurements,  is  1  microradian,  and  all 
of  the  expected  deflections  are  large  relative  to  this. 

Table  1:  Parameters  and  predicted  deflections  for  geo¬ 
metric  wakefield  test  apertures,  given  a  beam  charge  of 
1  x  1010,  an  energy  of  1.19  GeV,  and  a  1  mm  apparatus 
vertical  offset. 


Channel 

Number 

Aperture 

(cm) 

Taper 

Length  (cm) 

Kick 

(/xrad) 

1 

4.0,  round 

None 

«  0 

2 

0.4,  square 

5.0 

1.9 

3 

0.4,  rect. 

5.0 

51.3 

4 

0.4,  rect. 

10.0 

33.9 

5 

0.8,  rect. 

5.0 

25.6 

The  second  set  of  test  apertures  will  measure  resistive- 
wall  wakefields.  This  requires  as  axisymmetric  a  geometry 
as  possible,  in  order  to  minimize  geometric-wake  contri¬ 
butions.  The  resistive  wakefield  can  be  further  enhanced 
by  using  a  material  with  a  poor  conductivity  and  including 
a  long  untapered  section  with  a  small  gap  in  between  the 
two  tapers,  which  should  enhance  resistive  deflections  but 
leave  geometric  deflections  unaffected.  Ideally  these  mea¬ 
surements  would  use  a  second  insertion  in  which  all  chan¬ 
nels  are  cylindrical;  machining  considerations  may  man¬ 
date  use  of  a  square  aperture  once  again.  Table  2  shows  the 
desired  parameters  for  a  resistive- wall  wakefield  test  inser¬ 
tion.  While  we  have  used  stainless  steel  as  our  resistive 
material  in  Table  2,  we  are  presently  leaning  towards  use 
of  a  pure  element  for  this  purpose,  in  order  to  achieve  a 
uniform  conductivity  which  does  not  depend  upon  relative 
densities  of  various  alloyed  materials  in  the  surface. 

Future  insertions  will  test  the  effects  of  a  subset  of  geo¬ 
metric  features,  namely  surface  finish  and  surface  features, 
and  also  probe  the  behavior  when  geometric  collimators  of 
varying  width  are  used.  Ultimately  an  NLC-design  colli- 


Table  2:  Parameters  and  predicted  deflections  for  resistive 
wakefield  test  apertures,  given  a  beam  charge  of  1  x  1010, 
an  energy  of  1.19  GeV,  and  a  1  mm  apparatus  vertical  off¬ 
set.  Test  apertures  1  and  2  are  copper,  while  3  through  5 
are  steel. 


Coll. 

# 

Aperture 

(cm) 

Taper 

Length  (cm) 

Untapered 
Length  (cm) 

Kick 

(//rad) 

1 

0.4 

5.0 

0 

1.9 

2 

0.4 

5.0 

100 

2.6 

3 

0.4 

5.0 

100 

7.1 

4 

0.4 

5.0 

50 

4.5 

5 

0.8 

20.0 

100 

3.2 

mator  will  be  directly  tested  in  this  apparatus. 

5  EXPERIMENTAL  PROGRAM 

The  vacuum  vessel  and  insertion  with  the  first  set  of  test 
apertures  is  presently  under  construction,  with  installation 
in  the  SLAC  linac  scheduled  for  late  April.  Once  the  trans¬ 
lation  stages  are  fully  commissioned,  experimental  mea¬ 
surements  will  be  made  parasitically  during  PEP-II  colli¬ 
sions,  as  it  is  expected  that  the  PEP-II  program  can  be  in¬ 
terleaved  with  collimator  studies  with  minimal  disruption 
of  either  program.  Measurements  are  expected  to  continue 
on  a  periodic  basis  for  the  next  several  years. 
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Abstract 

The  Next  Linear  Collider  is  an  electron-positron  acceler¬ 
ator  unprecedented  in  its  size,  energy,  and  tight  tolerances. 
We  describe  the  suite  of  simulation  tools  which  are  widely 
used  in  designing  and  modelling  the  performance  of  the 
NLC.  In  order  to  achieve  a  uniform  beamline  description 
and  permit  simulation  of  all  facets  of  the  collider,  an  exten¬ 
ded  version  of  the  Standard  Input  Format  (xSIF)  has  been 
developed  and  implemented  in  MAD  and  DIMAD.  We  dis¬ 
cuss  several  enhancements  to  the  MAD  and  DIMAD  calcu¬ 
lation  engines  necessary  to  properly  simulate  the  most  chal¬ 
lenging  regions  of  the  facility.  We  also  describe  enhance¬ 
ments  to  LIAR  which  allow  it  to  be  used  as  the  tracking 
engine  for  a  tuning/feedback  simulation  written  in  MAT- 
LAB.  Finally,  we  discuss  the  additional  software  needed  to 
model  the  beam  stabilization  and  tuning  processes. 

1  INTRODUCTION 

The  Next  Linear  Collider  (NLC)  is  a  proposed  e+e~ 
facility  capable  of  achieving  a  luminosity  of  up  to 
1034cm-2sec-1  at  a  center-of-mass  energy  of  1  TeV  [1], 
The  facility  includes  2  X-Band  (1 1.424  GHz)  linacs,  each 
in  excess  of  10  km  in  length;  2  beam  delivery  systems,  each 
in  excess  of  5  km  in  length;  and  several  kilometers  of  in¬ 
jection  linac  and  damping  ring. 

In  order  to  reliably  achieve  such  a  high  luminosity  at 
the  NLC,  a  wide  variety  of  physical  phenomena  and  tun¬ 
ing  strategies  need  to  be  investigated  in  considerable  detail 
during  the  design  phase.  These  include: 

•  Control  of  long-range  and  short-range  wakefield  ef¬ 
fects 

•  Feedback  system  architecture  for  control  of  instabilit¬ 
ies 

•  Misalignment  and  error  tolerances 

•  Tuning  and  capture  ranges 

•  Geometric  and  chromatic  aberrations 

•  Background  sources  and  transport 

•  Transport  of  highly  disrupted  beams. 

•  Work  supported  by  the  Department  of  Energy,  contract  DE-AC03- 
76SF00515. 

t  Email:quarkpt@  slac.stanford.edu 


In  general,  we  perform  modelling  and  simulation  studies 
of  the  NLC  beamlines  with  tools  which  are  in  wide  use 
throughout  the  accelerator  physics  community.  However, 
these  tools  have  been  substantially  modified  to  fit  our  par¬ 
ticular  needs.  The  modifications  performed  are  described 
below.  Finally,  we  should  note  that  all  codes  are  writ¬ 
ten  in  ANSI  Fortran  77  or  Fortran  90.  We  have  adopted 
this  standard  for  ease  of  transport  and  ease  of  modification. 
Further  documentation  on  the  modeling  codes  and  stand¬ 
ards  can  be  found  in  Ref.  [2], 

2  EXTENDED  STANDARD  INPUT 
FORMAT 

The  base  language  for  the  description  of  all  NLC  beamlines 
is  the  Standard  Input  Format  [3].  This  is  the  input  language 
used  by  MAD  and  DIMAD,  as  well  as  other  programs.  In 
order  to  appropriately  handle  the  NLC  beamlines,  a  number 
of  modifications  have  been  made  to  this  language: 

•  The  keywords,  parameters,  and  syntax  of  the  present- 
day  MAD  and  DIMAD  input  parsers  have  been  made 
consistent,  generally  by  adopting  the  present  MAD 
syntax  where  conflicts  existed 

•  Apertures  have  been  added  to  most  elements  (APER¬ 
TURE  parameter)  for  use  in  tracking 

•  The  DIMAD  element  LCAV,  which  describes  a  lin¬ 
ear  accelerator  structure,  has  been  added  to  MAD;  the 
original  LCAV  syntax  has  been  extended  to  allow  file¬ 
names  for  wakefield  data  to  be  included  in  the  element 
description 

•  A  number  of  instrument  types  (BLMO,  SLMO,  PRO¬ 
FILE,  WIRE,  IMONITOR)  have  been  added 

•  All  elements  can  take  a  16  character  alphanumeric  en¬ 
gineering  class  (TYPE  parameter)  and  a  24  character 
alphanumeric  database  name  (LABEL  parameter)  as 
parameters 

•  The  DIMAD  parameter  FINTX  (exit-face  fringe-field 
integral)  has  been  added  to  MAD  to  improve  descrip¬ 
tion  of  bend  magnets  which  are  split  into  2  elements 
in  the  deck. 

The  resulting  beamline  description  language  is  known 
as  the  Extended  Standard  Input  Format  (XSIF).  The  NLC 
versions  of  MAD  and  DIMAD  will  read  without  errors  a 
beamline  description  written  in  XSIF.  In  addition,  a  stan¬ 
dalone  library  version  of  the  DIMAD  XSIF  parser  has  been 
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created  (for  AIX,  Solaris,  NT,  and  VMS  platforms)  which 
can  be  linked  to  any  new  or  existing  application.  The 
present  version  of  LIAR[4]  has  been  so  linked.  At  this 
time,  all  NLC  accelerator  simulation  programs  in  wide  use 
can  accept  a  common  set  of  beamline  descriptions  in  XSIF. 

In  addition  to  the  XSIF  standard,  a  fully-instantiated 
sequential  ASCII  beamline  description  was  desired.  The 
MAD  tape  format[5]  was  enhanced  to  include  new  beam¬ 
line  features  (beam  energy,  engineering  and  database 
names,  new  instrument  classes,  and  linac  RF  structures), 
resulting  in  the  Extended  Tape  File  Format  (XTFF).  The 
SURVEY  XTFF  provides  a  compact  lattice  description  that 
can  be  used  by  the  engineering  teams  for  component  lay¬ 
out  while  the  TWISS  XTFF  is  used  to  transfer  the  lattice 
information  into  an  Oracle  database  which  will  become  the 
backbone  of  the  control  system  and  provides  a  straightfor¬ 
ward  method  of  tracking  components. 

3  DIMAD 

The  program  DIMAD[6]  is  the  primary  program  for  design 
and  simulation  of  the  beam  delivery  regions  of  the  NLC, 
and  is  also  used  for  some  studies  of  the  main  linac.  NLC- 
DIMAD  has  been  converted  to  Fortran  90,  and  all  shared 
data  structures  have  been  moved  to  MODULES  for  ease  of 
maintenance.  The  data  space  available  for  beamline  and 
parameter  data  has  been  expanded  to  accomodate  beam¬ 
lines  as  large  as  the  main  linac  (15,000  entries  in  the  ap¬ 
propriate  LINE). 

The  NLC  main  linac  contains  4,968  RF  structures.  It  was 
desired  that  the  main  linac  deck  describe  the  beamline  ef¬ 
ficiently,  but  that  the  flexibility  of  individually  phasing  the 
structures  be  preserved.  This  is  accomplished  by  having 
a  separate  array  of  structure  phases,  which  is  set  using  a 
new  command,  PHASE.  During  calculations  the  phases  in 
the  new  array  are  used  rather  than  the  phases  in  the  deck. 
This  permits  the  user  to  have  a  single  LCAV  in  the  deck, 
which  can  then  be  used  an  arbitrary  number  of  times  to 
describe  independently-phased  structures.  NLC-DIMAD 
also  included  beam  loading  in  its  phasing  operations,  and 
can  convolve  the  beam  with  a  longitudinal  Wakefield  de¬ 
scription  during  tracking. 

To  improve  the  accuracy  of  tracking  results  in  the  beam 
delivery  region,  NLC-DIMAD  allows  the  user  to  specify 
a  twin-horned  energy  distribution  (similar  to  that  expec¬ 
ted  at  the  end  of  the  main  linac).  The  particle  analysis 
code  computes  a  luminosity-weighted  RMS  beam  size, 
which  de-weights  the  contributions  of  the  beam  tails  in  de¬ 
termining  the  effective  beam  size.  This  size  is  computed 
at  the  end  of  the  beamline,  and  the  luminosity-weighted 
size  at  the  nearest  waist  is  also  estimated;  thus  if  the 
waists  are  slightly  mistuned  the  user  still  gets  an  estimate 
of  the  focused  beam  size.  Several  tracking-related  vari¬ 
ables  (including  RMS  emittances  at  the  end  of  the  line 
and  luminosity-weighted  beam  sizes)  are  available  as  con¬ 
ditions  for  the  least-squares  fitter,  allowing  higly  nonlin¬ 
ear  problems  (such  as  “Brinkmann-sextupole”  tuning)  to 


be  automated.  For  convenience,  a  syntax  for  specification 
of  normalized  emittances  has  been  added  to  the  BEAM 
command.  In  order  to  accurately  track  the  low-energy  tails 
of  the  disrupted  post-IP  beam,  an  extended  chromatic  pre¬ 
cision  option  has  been  added:  when  this  option  is  selec¬ 
ted,  quad  and  sextupole  matrices  are  dynamically  calcu¬ 
lated  for  each  particle,  scaled  to  match  that  particle's  en¬ 
ergy.  In  the  future,  we  will  add  to  NLC-DIMAD  routines 
for  simulation  of  thermal-photon  and  residual-gas  scatter¬ 
ing  of  the  electron  beam  [7],  and  use  these  and  the  extended 
chromatic  precision  option  to  model  backgrounds  and  track 
low-energy  tails  through  the  system. 

4  MAP 

The  most  significant  modification  to  the  NLC  version  of 
MAD  is  the  addition  of  linear  acceleration  and  the  result¬ 
ing  variation  of  the  beam  energy.  The  additions  were  made 
to  MAD  version  8.23/0  which  is  written  in  standard  For¬ 
tran  77.  The  code  now  allows  the  beam  energy  to  be  spe¬ 
cified  at  the  entrance  to  a  beamline  and  this  energy  will 
be  modified  by  LCAVITY  elements  which  model  travel¬ 
ing  wave  accelerator  cavities;  note  the  LCAVITY  elements 
are  treated  differently  from  the  standard  MAD  RFCAVITY 
elements  which  do  not  modify  the  beam  energy.  This  al¬ 
lows  the  code  to  be  used  for  both  storage  rings  and  linacs. 

The  LCAVITY  elements  are  specified  in  terms  of  a 
length,  rf  frequency,  voltage,  rf  phase,  and  the  loss  para¬ 
meter.  All  of  these  parameters  are  treated  like  all  other 
MAD  element  parameters  and  can  be  specified  in  terms  of 
expression,  varied  during  matching,  etc.  In  addition,  the 
beam  energy  can  be  used  as  a  matching  constraint  and  is 
now  included  in  the  BETA0  structures.  The  LCAVITY  ele¬ 
ments  also  include  approximate  representation  of  the  fo¬ 
cusing  that  arises  at  the  entrance  and  exit  of  the  accel¬ 
erator  structures  which  can  be  significant  in  the  low  en¬ 
ergy  (~  100  MeV)  regions  of  the  collider.  Finally,  one  can 
also  specify  files  containing  the  transverse  and  longitudinal 
wakefields  for  the  structures  which  are  used  when  tracking. 

The  calculation  of  the  lattice  functions  has  been  modified 
to  incorporate  the  variation  in  the  beam  energy.  There  are 
a  couple  of  different  methods  of  including  the  energy  vari¬ 
ation  in  the  lattice  functions.  We  could  have  maintained  the 
original  definition  utilized  in  MAD  where  the  lattice  para¬ 
meters  simply  depend  on  the  transfer  matrix  [8]: 

02  =  -j^((Rll01  ~  -Rl2C*l)2  +  ^12)  (1) 

etc.,  but  this  leads  to  lattice  functions  that,  for  a  given  peri¬ 
odic  cell  structure,  decrease  with  acceleration  as  1  /E(s). 
For  this  reason,  we  normalize  the  individual  transfer  ele¬ 
ments  by  the  determinant  of  the  transfer  matrix.  This  leads 
to  the  more  common  definition  which  is  consistant  with 
that  used  in  DIMAD. 

Finally,  three  other  changes  have  been  implemented. 
First,  different  fringing  fields  can  be  specified  for  the  up¬ 
stream  and  downstream  ends  of  bending  magnets  using  a 
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FINTX  parameter  in  the  element  definition.  This  provides 
greater  flexibility  when  splitting  components  into  multiple 
segments  and  can  be  used  to  prevent  the  error  that  arises 
when  Flhny  0  in  split  bending  magnets.  Second,  an  ap¬ 
proximation  for  the  effect  of  coherent  synchrotron  radition 
in  the  bending  magnets  can  be  used  when  tracking  by  set¬ 
ting  a  CSR  parameter  for  bending  magnets.  Finally,  the 
beamline  length  has  also  been  added  as  a  matching  con¬ 
straint  since  it  is  frequently  desirable  to  minimize  to  overall 
length  of  the  system. 

5  LIAR 

LIAR  is  a  program  for  the  simulation  of  linear  accelerators 
with  high  gradients  and  strong  wakefields.  Like  DIMAD, 
LIAR  has  been  entirely  converted  to  Fortran  90.  This  al¬ 
lowed  LIAR's  data  structures  to  be  cast  into  a  standard 
form,  which  in  turn  permitted  LIAR  to  be  ported  to  sev¬ 
eral  platforms  with  essentially  no  changes  in  its  code  (AIX, 
Solaris,  VMS,  NT).  LIAR  was  also  linked  to  the  stan¬ 
dalone  XSIF  parser,  allowing  it  to  read  decks  in  the  stand¬ 
ard  format  and  eliminating  the  need  for  conversion  of  the 
XSEF  decks  to  TRANSPORT  format[9]. 

The  beam-based  alignment  command,  QALIGN,  has 
been  supplanted  by  QALIGN_NEW,  which  allows  greater 
flexibility  in  specifying  the  order  in  which  various  al¬ 
gorithms  are  applied  to  the  beamline.  A  more  consise 
“figure  of  merit”  for  multibunch  position  distortions  (non¬ 
straight  trains)  has  been  added  to  the  program. 

LIAR's  tracking  engine  includes  longitudinal  and  trans¬ 
verse  short-range  wakefields.  Because  of  this  it  was  de¬ 
cided  that  the  LIAR  tracking  engine  would  be  used  for 
simulations  of  the  NLC  trajectory  feedback  system.  The 
state-space  design  for  the  feedback  algorithms  was  writ¬ 
ten  in  MAILAB:  the  MATLAB  system,  using  macros  and 
control  toolbox  routines,  enables  easier  prototyping  than 
Fortran  software,  and  provides  powerful  graphics  capab¬ 
ilities.  Different  feedback  formulations  can  be  evaluated 
from  this  basic  platform.  LIAR's  structure  was  revised  to 
allow  MATLAB  to  call  LIAR  routines  from  within  a  single 
MATLAB  process,  and  to  pass  data  between  MATLAB  and 
LIAR. 

The  feedback  simulation  is  driven  by  MATLAB  macros, 
which  call  LIAR  functions  to  transport  and  perturm  the 
beam  and  return  beam  position  monitor  readings.  MAT¬ 
LAB  routines  perform  calculations  to  simulate  the  feed¬ 
back  system  and  determine  new  corrector  settings,  which 
are  communicated  back  to  LIAR  with  an  interface  routine. 

6  FUTURE  DEVELOPMENTS 

The  most  pressing  modelling  task  facing  the  Next  Linear 
Collider  is  simulation  of  the  tuning  process,  and  the  re¬ 
lated  simulation  of  normal  operation  (for  example,  with  all 
feedbacks  operating/interacting,  including  bandwidth  lim¬ 
itations).  A  “cradle-to-grave”  simulation  of  the  tuning  pro¬ 
cedure  for  the  Final  Focus  Test  BeamflO]  was  performed 


in  SAD[1 1],  and  the  NLC  will  require  a  similarly  detailed 
exploration  of  its  commissioning  in  order  to  determine  the 
range  and  granularity  of  all  tuning  devices  and  the  required 
performance  of  all  instrumentation.  Of  particular  interest  is 
the  interaction  between  the  main  linac  steering  feedbacks 
and  the  many  feedbacks  of  various  kinds  in  the  beam  deliv¬ 
ery  system. 

One  possible  tool  for  this  simulation  is  the  Final  Focus 
Flight  Simulator  (FFFS),  which  is  an  interactive  GUI  de¬ 
veloped  at  SLAC  for  Third  Order  Transport  [12].  However, 
the  FFFS  has  many  limitations  which  make  it  a  non-optimal 
candidate  for  this  simulation. 

A  more  promising  option  is  to  develop  a  MATLAB  in¬ 
terface  to  MAD  or  DIMAD,  similar  to  the  one  presently 
available  for  LIAR.  This  would  allow  the  existing  calcu- 
lational  kernels  of  these  two  programs  to  be  used  without 
adding  large  amounts  of  special-purpose  code  to  the  com¬ 
piled  codebase.  This  is  particularly  attractive  in  that  it 
would  permit  a  simulation  in  which  a  beam  is  transpor¬ 
ted  through  the  linac  in  LIAR,  extracted  into  MATLAB, 
translated  to  a  group  of  particles  for  MAD/DIMAD,  and 
then  transported  in  that  form  through  beam  delivery.  This 
would  permit  studies  of  the  entire  accelerator,  despite  the 
fact  that  different  areas  are  best  served  by  different  simula¬ 
tion  programs. 

7  ACKNOWLEDGEMENTS 

The  authors  wish  to  acknowledge  the  contributions  of  R 
Raimondi,  G.  Roy,  I.  Reichel,  R.  Helm,  and  K.  Bane. 

8  REFERENCES 

[  1  ]  NLC  ZDR  Design  Group,  “Zeroth-Order  Design  Report  for 
the  Next  Linear  Collider,”  SLAC  Report  474  (1996). 

[2]  NLC  Accelerator  Physics  Web  pages  found  at  http://www- 
project.slac.stanford.edu/lc/nlc-tech.html. 

[3]  D.C.  Carey  and  F.C.  Iselin,  “A  Standard  Input  Language  for 
Particle  Beam  and  Accelerator  Computer  Programs,”  Pro¬ 
ceedings  Snowmass  84  (1984). 

[4]  R.  Assmann  et  al,  “LIAR:  A  New  Program  for  the  Modeling 
and  Simulation  of  Linear  Accelerators  with  High  Gradients 
and  Small  Emittances,”  Proc.  LINAC  96, 464  (1996). 

[5]  H.  Grote  and  F.C.  Iselin,  “The  MAD  Program  Version  8.19 
User's  Reference  Manual,”  CERN/SL/90-13(AP)Rev.5, 125 
(1996). 

[6]  R.V.  Servranckx  et  al,  “Users'  Guide  to  the  Program 
DIMAD,”  SLAC-Report-285  (1985). 

[7]  I.  Reichel  et  al,  “Therman  Photon  and  Residual  Gas  Scatter¬ 
ing  in  the  NLC  Beam  Delivery,”  Proc.  ICAP  98  (1998). 

[8]  K.L.  Brown,  SLAC  Report  75,  Rev.  3  (1972). 

[9]  K.L.  Brown  et  al,  “TRANSPORT:  A  Computer  Program 
for  Designing  Charged  Particle  Beam  Transport  Systems,” 
SLAC-Report-91  (1970). 

[10]  K.  Oide,  “Design  of  Optics  for  the  Final  Focus  Test  Beam 
at  SLAC,”  Proc.  PAC89, 1319  (1989). 

[11]  http://www-acc-theory.kek.jp/SAD/sad.html. 

[12]  M.  Woodley,  private  communication. 


3458 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


SIMULATION  STUDIES  OF  MAIN  LINAC  STEERING  IN  THE  NEXT 

LINEAR  COLLIDER  * 

P.  Tenenbaum* 

Stanford  Linear  Accelerator  Center,  Stanford,  CA 


Abstract 

In  order  to  achieve  the  design  luminosity  of  the  Next  Linear 
Collider,  the  main  linac  must  accelerate  trains  of  bunches 
from  10  GeV  to  500  GeV  while  preserving  vertical  nor¬ 
malized  emittances  on  the  order  of  0.05  mm.mrad.  We 
describe  a  set  of  simulation  studies,  performed  using  the 
program  LIAR,  comparing  several  algorithms  for  steering 
the  main  linac;  the  algorithms  are  compared  on  the  basis  of 
emittance  preservation,  convergence  speed,  and  sensitivity 
to  BNS  phase  profile.  The  effects  of  an  ATL  mechanism 
during  the  steering  procedure  are  also  studied. 

1  INTRODUCTION 

The  Next  Linear  Collider  (NLC)  is  a  single-pass  electron- 
positron  collider  capable  of  achieving  a  luminosity  of 
1034cm-2sec-1  at  a  center-of-mass  energy  of  1  TeV  [1]. 
The  NLC  uses  a  pair  of  X-Band  (/  =  11.424  GHz)  lin¬ 
ear  accelerators,  with  approximately  5,000  RF  structures 
and  750  quadrupoles  in  each  linac,  to  accelerate  the  beams 
from  10  to  500  GeV.  The  total  length  of  each  linac  is  over 
10  kilometers. 

In  order  to  achieve  the  desired  luminosity,  each  linac 
must  accelerate  a  270  nanosecond  train  of  95  bunches  on 
each  120  Hz  machine  cycle,  and  must  preserve  an  incom¬ 
ing  normalized  emittance  which  can  be  as  small  as  0.03 
mm.mrad.  Novel  structure  designs  can  mitigate  the  emit¬ 
tance  dilution  due  to  long-range  Wakefields  [2];  this  leaves 
dispersion  and  short-range  wakefields  from  the  structures 
as  the  primary  causes  of  emittance  dilution.  In  both  wake- 
fields  and  dispersion,  the  emittance  dilution  can  be  con¬ 
trolled  through  proper  alignment  of  the  accelerator.  The 
NLC  design  calls  for  an  unprecedented  emphasis  on  meas¬ 
urement  and  correction  of  misalignments: 

•  Each  quad  is  supported  on  a  remote-controlled  trans¬ 
lation  stage  capable  of  ±2  mm  motions  in  x  and  y, 
with  submicron  step  sizes 

•  Each  RF  structure  girder  (3  structures)  is  supported 
on  a  remote-controlled  translation  stage  capable  of  ±2 
mm  motions  in  x  and  y  at  each  end  of  each  girder,  with 
micron  step  sizes 

•  Each  quad  contains  a  beam  position  monitor  with  a 
resolution  of  1  micron  in  x  and  y  for  a  single  bunch 
with  a  charge  of  1010 

•  Work  supported  by  the  Department  of  Energy,  contract  DE-AC03- 
76SF00515. 
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•  Each  structure  contains  a  beam  position  monitor  at 
each  end  with  a  resolution  of  5  microns  in  x  and  y 
for  a  single  bunch  with  a  charge  of  1010. 

We  consider  three  algorithms  for  converting  beam  position 
information  in  the  quad  and  structure  BPMs  into  changes 
in  translation  stage  positions. 

2  DESCRIPTION  OF  THE 
ALGORITHMS 

2. 1  “  Canonical  ”  Algorithm 

The  algorithm  used  to  study  beam-based  alignment  in  the 
1996  NLC  study  divides  the  linac  into  N  segments  contain¬ 
ing  equal  numbers  of  quads  (in  practice,  14  segments  with 
approximately  50  quads  per  segment)  and  uses  the  quadru- 
pole  BPMs  to  compute  a  set  of  magnet  moves  which  min¬ 
imizes  (in  a  least-square  sense)  the  RMS  BPM  orbit.  In 
order  to  prevent  the  magnet  movers  “ranging  out,”  the  al¬ 
gorithm  simultaneously  seeks  to  minimize  the  RMS  mag¬ 
net  motion,  resulting  in  an  overconstrained  fit.  Once  the 
quads  have  been  moved,  each  structure  girder  in  the  seg¬ 
ment  is  then  moved  to  zero  the  average  of  the  6  structure 
BPMs  on  the  girder. 

In  this  algorithm  the  least-squares  engine  uses  the  wake- 
free  optics  model  to  predict  the  response  to  quad  moves, 
and  assumes  that  girder  moves  only  change  the  readings  of 
BPMs  on  the  girder.  Because  the  wakefield  contribution  is 
not  included  in  the  calculation,  it  is  necessary  in  real  life  to 
iterate  the  algorithm  on  each  segment  several  times  before 
moving  on  to  the  next  segment,  and  to  pick  segments  which 
are  short  relative  to  the  characteristic  growth  distance  of 
wakefield  instabilities. 

In  order  to  match  the  alignment  from  one  segment  into 
another,  the  magnets  at  the  endpoints  of  a  segment  are  held 
fixed  in  position:  a  steering  magnet  at  the  first  quad  is  used 
to  steer  the  beam  into  the  last  quad,  and  its  value  is  de¬ 
termined  as  part  of  the  least-squares  fit.  Thus  the  algorithm 
results  in  a  piecewise-straight  alignment,  with  kinks  at  the 
endpoints  of  segments. 

2.2  “Canonical”  Algorithm  with  MICADO 

Under  some  circumstances  the  “Canonical”  algorithm  will 
leave  an  RMS  orbit  which  is  larger  than  the  BPM  resolu¬ 
tion.  Errors  in  positioning  of  the  many  quads  will  some¬ 
times  conspire  to  produce  a  betatron  component  to  the  or¬ 
bit.  In  order  to  further  reduce  this,  the  “Canonical”  al¬ 
gorithm  can  be  followed  by  a  MICADO  algorithm  [3], 
which  attempts  to  identify  the  minimum  number  of  mag¬ 
net  moves  which  produce  the  greatest  improvement  in  the 
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orbit.  For  the  purposes  of  this  simulation,  the  MICADO 
algorithm  was  constrained  to  use  no  more  than  7  magnets, 
and  to  seek  an  RMS  orbit  tolerance  of  1  micron.  In  execu¬ 
tion  several  iterations  of  the  “canonical”  algorithm  would 
be  performed  on  an  alignment  segment,  followed  by  sev¬ 
eral  MICADO  algorithms. 

2. 3  “French  Curve  ”  Algorithm 

The  “canonical”  algorithm  inconveniently  requires  cor¬ 
rector  magnets  at  the  endpoints  of  each  segment.  An  al¬ 
gorithm  was  sought  which  would  not  require  such  mag¬ 
nets,  but  still  permitted  the  segment-to-segment  alignment 
matching  provided  by  the  correctors.  The  “French  Curve” 
algorithm  is  very  similar  to  the  “canonical”  algorithm; 
however,  no  correctors  are  used,  and  instead  after  a  seg¬ 
ment  is  aligned  the  next  segment  is  selected  starting  in 
the  middle  of  the  most  recent  one.  Thus  the  alignment  is 
performed  on  full  segments  but  advances  down  the  linac 
in  half-segments,  resulting  in  a  smooth  alignment  without 
correctors. 

3  SIMULATION  STUDIES 

Each  of  the  3  algorithms  was  studied  with  LIAR  [4],  a  lin¬ 
ear  accelerator  simulation  program  which  performs  track¬ 
ing  with  transverse  and  longitudinal  wakefields  from  RF 
structures.  The  general  conditions  of  the  simulation  are  de¬ 
scribed  in  the  section  above  and  in  Table  1 . 

Table  1 :  General  parameters  used  in  the  simulations. 


Parameter 

Value 

Bunch 

Charge 

1.1  x  101U 

Quad-BPM 

Offset 

2  microns 

Struct.-BPM 

Offset 

0  microns 

Incoming 

7Cy 

0.04  mm.mrad 

3. 1  Mover  Step  Size 

Figure  1  shows  the  emittance  dilution  of  each  algorithm 
as  a  function  of  the  magnet  mover  step  size.  In  each  case 
the  algorithm  was  permitted  to  iterate  to  convergence  (see 
next  section).  While  MICADO  can  improve  the  perform¬ 
ance  of  the  “canonical”  algorithm  at  large  step  sizes,  it  can¬ 
not  reduce  the  residual  emittance  growth  which  occurs  for 
small  step  sizes.  The  “french  curve”  algorithm  has  a  smal¬ 
ler  emittance  growth  for  perfect  movers  than  the  “canon¬ 
ical;”  its  emittance  dilution  is  also  a  weaker  function  of 
mover  step  size. 


mover  step  size  (nm) 

Figure  1:  Emittance  dilution  as  a  function  of  magnet  mover 
step  size  for  3  main  linac  steering  algorithms. 

3.2  Convergence  Speed 

Figure  3.2  shows  the  number  of  iterations  required  to 
reach  convergence  for  “canonical”  and  “lfench  curve”  al¬ 
gorithms.  While  the  latter  algorithm  required  fewer  itera¬ 
tions  per  segment,  it  also  requires  twice  as  many  segments 
as  the  “canonical”  algorithm,  and  is  thus  somewhat  slower 
in  terms  of  time. 


Figure  2:  Emittance  dilution  as  a  function  of  number  of 
iterations  per  segment  for  “canonical”  and  “french  curve” 
algorithms. 


3.3  Energy  Overhead 

In  order  to  reduce  the  impact  of  incoming  beam  jitter  on 
emittance,  the  NLC  linacs  will  be  operated  with  a  substan¬ 
tial  head-tail  energy  difference  [5],  which  is  parameterized 
here  as  linac  energy  overhead  (linac  voltage  in  excess  of 
that  needed  to  achieve  the  desired  energy  at  extraction). 
Figure  3.3  shows  that  the  emittance  dilution  increases  lin¬ 
early  for  both  “canonical”  and  “french  curve”  algorithms 
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with  energy  overhead  (note  that  this  is  contrary  to  the  jitter 
behavior:  more  energy  overhead  results  in  less  emittance 
dilution  for  a  bunch  executing  a  betatron  oscillation  down 
the  full  length  of  the  linac).  However  the  “french  curve” 
performance  is  better  for  all  values  of  energy  overhead  con¬ 
sidered. 
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Figure  3:  Emittance  dilution  as  a  function  of  energy  over¬ 
head  for  “canonical”  and  “french  curve”  algorithms. 


4  DIFFUSIVE  GROUND  MOTION 

In  recent  years,  Shiltsev  [6]  has  offered  evidence  that  accel¬ 
erator  alignment  degrades  according  to  a  diffusive  process. 
The  so-called  “ATL  Law”  states  that  components  which 
are  ab  initio  perfectly  aligned  will  be  misaligned  by  an 
RMS  distance  a  which  is  related  to  the  distance  between 
the  components  L  and  the  elapsed  time  T  by: 

ct2  =  AT-L.  (1) 

The  coefficient  A  is  a  complex  function  of  site  geology, 
cultural  noise,  and  construction  techniques.  Furthermore 
A  is  not  precisely  constant  in  time,  but  is  subject  to  change 
over  the  course  of  many  years.  However  on  the  scale  of 
seconds,  days,  or  months.  Equation  1  may  represent  a  lower 
bound  on  achievable  alignment  performance. 

In  order  to  simulate  ATL  misalignments  in  the  context 
of  accelerator  steering  it  is  necessary  to  assume  a  value 
for  A  and  a  time  T  over  which  alignment  occurs.  For 
this  study  we  assume  that  the  NLC  will  have  a  value  of 
A  of  5  x  10_7/x2/meter /second,  which  is  low  but  not  un¬ 
achievable.  We  assume  that  the  initial  steering  of  the  ac¬ 
celerator  from  a  coarse  state  of  alignment  (50  fi  RMS  mis¬ 
alignments)  to  convergence  requires  1  minute  per  operation 
of  quad  or  girder  alignment  (thus  approximately  3  hours  for 
the  full  linac),  while  subsequent  steering  operations  require 
only  1  iteration  per  segment  and  only  30  seconds  per  oper¬ 
ation.  We  assume  that  steering  is  performed  constantly. 

Figure  4  shows  the  performance  of  the  “french  curve” 
algorithm  when  ATL  misalignments  occur  during  steering. 


Pass  1  in  Figure  4  is  the  3  hour,  multi-iteration  pass:  the 
emittance  dilution  is  increased  from  34%  to  65%  by  ATL 
misalignments.  The  subsequent,  fast  passes  achieve  an 
equilibrium  emittance  dilution  of  50%. 


Iterations 

Figure  4:  Performance  of  “french  curve”  algorithm  with 
diffusive  ground  motion  included. 


5  CONCLUSIONS 

We  have  evaluated  several  algorithms  for  steering  the  NLC 
main  linac  to  reduce  emittance  dilution  due  to  short-range 
wakefields  and  dispersion.  We  find  that  a  relatively  robust 
algorithm  exists  which  produces  acceptably  small  emit¬ 
tance  dilution.  Further  studies  of  the  algorithm  are  re¬ 
quired.  These  include  multibunch  effects,  improved  mod¬ 
elling  of  the  structure  BPMs,  interaction  with  steering  feed¬ 
backs,  and  additional  dilutions  from  other  sources. 
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Abstract 

We  review  many  developments  in  the  design  of  the  Beam 
Delivery  System  for  the  Next  Linear  Colllider.  The  col- 
limation  system  has  been  redesigned  to  reduce  nonlin¬ 
earities  and  ease  tolerances,  and  the  IP  Switch  line  has 
been  adjusted  to  permit  a  300  meter  longitudinal  sepa¬ 
ration  between  the  two  detectors.  Magnet  designs  have 
been  changed  to  reduce  the  number  of  distinct  magnet 
classes,  produce  a  smoother  vacuum  chamber,  and  improve 
pumping.  A  revised  set  of  interaction-region  quadrupoles 
achieves  the  optical  requirements  of  the  system  with  im¬ 
proved  beam  stay-clears,  and  performance  of  the  final  focus 
at  various  energies  has  been  simulated  and  found  accept¬ 
able.  Studies  have  begun  on  the  set  of  feedbacks  required 
to  maintain  the  stability  of  the  system  and  the  changes  in 
tolerances  thus  implied. 


z,  m 


1  INTRODUCTION 


Figure  1:  Schematic  of  NLC  Beam  Delivery  System. 


The  Beam  Delivery  System  of  the  Next  Linear  Collider 
(NLC)  encompasses  all  of  the  beamlines  downstream  of  the 
main  linac.  These  beamlines  include  a  collimation  section 
which  removes  particles  which  would  otherwise  intersect 
downstream  apertures;  an  “IP  Switch”  which  deflects  the 
beam  towards  one  of  the  two  interaction  points;  a  10  milli- 
radian  arc  for  IP  separation  and  muon  protection;  a  section 
for  measurement  and  correction  of  xy  coupling;  a  chromat¬ 
ically  corrected  final  focus;  and  the  interaction  point  and 
detector.  Figure  1  shows  a  schematic  layout  of  the  beam 
delivery  system.  Table  1  shows  some  of  the  critical  system 
parameters. 

Table  1:  Parameters  of  NLC  Beam  Delivery  System  as  a 
function  of  center-of-mass  energy.  Operation  at  120  Hz 
and  95  bunches  per  train  is  assumed. 


Parameter 

500  GeV 

1000 GeV 

Bunch 

Charge 

0.75  x  101U 

0.75  x  101U 

mm 

10  x  0.1 

10  x  0.125 

7 eXiV,  mm.mrad 

4  x  0.06 

4  x  0.06 

<J2,  Mm 

90 

90 

Luminosity, 

cm_2sec_1 

7.3  x  10“ 

13.5  x  10“ 

*  Work  supported  by  the  Department  of  Energy,  contract  DE-AC03- 
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The  Beam  Delivery  System  was  initially  designed  during 
the  1996  NLC  study[l],  and  in  the  intervening  time  a  num¬ 
ber  of  aspects  of  the  design  have  been  further  optimized 
and  revisited.  We  review  these  developments  below. 

2  MAGNET  DESIGNS 

the  original  BDS  design  used  a  large  number  of  differ¬ 
ent  magnet  designs,  and  incorporated  arbitrary  changes  in 
the  magnet  apertures.  The  designs  have  been  regularized 
to  ease  buildability.  At  the  present  time  the  BDS  uses  5 
standard  quad  geometries,  3  standard  bend  core  geome¬ 
tries,  and  3  standard  sextupole  geometries.  All  magnets 
upstream  of  the  final  focus  have  a  full  aperture  of  1.2  cm, 
while  all  magnets  in  the  final  focus  have  a  full  aperture  of 
3.0  cm  in  order  to  maintain  the  desired  beam  stay-clears  (14 
crx,  60  cry)  for  the  worst-quality  beam  at  the  lowest  energy 
(175  GeV  per  beam,  7ex,y  =  5.0  x  0.14  mm.mrad).  Reduc¬ 
tion  in  the  number  of  distinct  magnet  families  is  expected 
to  improve  maintenance  and  reduce  construction  costs. 

Increasing  the  vacuum  chamber  to  1 .2  cm  O.D.  or  larger 
from  the  original  design  (which  used  1 .0  cm  O.D.  in  many 
locations)  has  other  positive  implications.  With  full  aper¬ 
tures  of  1.2  cm  or  larger,  and  assuming  a  1  mm  thick  vac¬ 
uum  chamber,  a  base  pressure  on  the  order  of  5  x  10  ~8  ton- 
can  be  achieved  without  taking  extraordinary  measures  in 
the  areas  of  vacuum  chamber  processing  or  vacuum  pump 
spacing.  By  eliminating  most  of  the  aperture  transitions  in 
the  system,  a  smoother  vacuum  system  without  transition- 
induced  wakefields  can  be  used.  One  negative  implication 
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is  that  about  10%  of  magnets  have  pole-fields  in  excess  of  7 
kG  at  1  TeV  C.M.,  and  would  need  to  be  replaced  in  order 
to  run  NLC  with  a  center-of-mass  energy  of  1.5  TeV. 

3  COLLIMATION  SYSTEM 

The  three  design  constraints  which  dictated  the  design  of 
the  collimation  system  were: 

•  Jitter  amplification  due  to  collimator  Wakefields 
should  be  less  than  25% 

•  Collimation  system  should  be  capable  of  remov¬ 
ing  1%  of  the  beam  power  per  degree  of  freedom 
(x,  x' ,  y,  y',  <J)  indefinitely  without  damage 

•  Collimation  system  should  be  capable  of  surviving  di¬ 
rect  impact  of  a  single  bunch  train  (1012  electrons  or 
positrons  at  500  GeV)  without  damage. 

Of  the  three,  it  is  the  third  constraint  which  had  the  great¬ 
est  impact  on  the  system  design:  surviving  the  impact  of  a 
damped  bunch  train  containing  so  many  kilojoules  required 
that  the  betatron  functions  at  the  collimators  be  enormous, 
which  in  turn  required  a  very  long  (>  2  km)  system.  Col¬ 
limating  both  phases  at  high-beta  points  (f3y  >  41  km)  had 
other  unpleasant  implications:  sextupoles  were  required 
to  correct  the  induced  chromaticity;  the  R34  from  the  IP- 
phase  collimators  to  the  Final  Doublet  (FD)  phase  collima¬ 
tors  was  so  large  that  submicron  quad  drifts  could  direct  the 
beam  into  a  collimator;  the  system  length  limited  the  num¬ 
ber  of  iterations  of  collimation  possible;  large  amplitude 
particles  experienced  unacceptable  phase  migration  (from 
the  loosely-collimated  IP  phase  into  the  tight-apertured  FD 
phase).  Furthermore,  the  design  was  not  yet  long  enough  to 
survive  an  impact  of  a  buch  train  at  750  GeV  beam  energy. 
An  upgrade  to  1.5  TeV  C.M.  would  require  lengthening  the 
collimation  system  into  the  main  linac,  which  would  in  turn 
amplify  all  the  difficulties  listed  above. 

Because  the  existing  design  is  marginal  in  so  many  re¬ 
spects,  we  have  begun  to  consider  a  design  in  which  the 
single-train  survival  requirement  is  eliminated.  In  order  to 
implement  such  a  design,  all  sources  of  large  oscillations 
coming  from  upstream  must  be  sufficiently  slow  that  the 
machine  protection  system  (MPS)  can  detect  them  before 
they  generate  a  bunch  orbit  which  impacts  a  collimator. 
Since  the  energy  of  the  linac  cannot  be  assured  on  a  pulse- 
to-pulse  basis,  the  new  design  must  extract  off-energy  par¬ 
ticles  or  bunches  before  performing  betatron  collimation, 
rather  than  combining  5  and  x  collimation  as  the  present 
system  does.  In  the  new  design,  the  betatron  functions  at 
the  collimators  can  be  reduced  by  over  an  order  of  mag¬ 
nitude,  with  a  similar  increase  in  magnet  tolerances.  The 
beam  is  now  small  enough  that  DC  collimation  of  the  halo 
can  cause  collimator  damage.  To  eliminate  this  risk,  the 
thick  halo  absorbers  are  eliminated  entirely  from  the  sys¬ 
tem;  instead,  a  large  number  of  spoilers,  each  approxi¬ 
mately  1/4  radiation  length  in  thickness,  causes  particles 
at  large  amplitudes  to  be  far  off  energy,  and  the  particles 


are  removed  by  a  dispersive  section  at  the  end  of  the  colli¬ 
mation  section.  The  changes  in  the  system  permit  the  col¬ 
limation  to  be  performed  at  45°  intervals  in  betatron  phase, 
resulting  in  better  collimation  (and  equal  collimation  depth 
for  all  phases).  The  new  design  also  has  a  sufficient  band¬ 
pass  that  sextupoles  and  other  high-order  multipoles  are  not 
needed. 

4  IP  SWITCH  DESIGN 

The  beam  delivery  system  contains  an  arc  which  deflects 
the  beam  by  10  mrad  before  entering  the  final  focus  system. 
This  provides  a  separation  between  the  two  interaction  re¬ 
gions  of  40  meters,  which  is  insufficient.  The  IP  Switch 
module  now  incorporates  an  additional  module  287  meters 
in  length  on  the  path  to  one  of  the  two  IR’s.  This  provides 
a  separation  between  IR’s  which  is  acceptable. 

5  FINAL  FOCUS 

The  apertures  of  the  final  doublet  magnets  of  the  final  fo¬ 
cus  were  found  to  be  too  small  to  accomodate  beams  at 
lower  energy.  In  addition,  the  required  pole-tip  field  in  the 
permanent  magnet  Q1  was  unacceptably  high,  especially 
since  this  magnet  partially  overlaps  the  detector  solenoid’s 
field.  A  compromise  solution  was  arrived  at,  in  which  the 
lower  energies  (350-750  GeV  CM)  use  a  pair  of  perma¬ 
nent  magnets  with  a  larger  aperture  and  smaller  gradient, 
and  the  higher  energies  (750-1000  GeV  CM)  use  a  single 
permanent  magnet  with  a  higher  gradient  and’ smaller  aper¬ 
ture  but  more  acceptable  pole-tip  fields.  Table  2  shows  the 
parameters  of  the  final  doublet  magnets. 

Table  2:  Parameters  of  NLC  Final  Doublet  magnets.  Q1B 
and  Q1A  are  used  at  lower  energies,  and  are  replaced  by 
Q1  at  higher  energies.  “SC”  represents  a  superconducting 
magnet,  “PM”  indicates  permanent  magnets. 


Name/ 

Polarity 

Le  ff 
(m) 

Full  Bore 
(cm) 

Bo 

(kG) 

Type 

Q2A(F) 

2.0 

2.0 

10.0 

Fe  elec. 

Q2B  (F) 

2.0 

2.0 

10.0 

Fe  elec. 

Q1SC  (D) 

1.5 

2.0 

30.0 

SC 

Q1B  (D) 

0.5 

2.1 

11.6 

PM 

Q1A(D) 

1.0 

1.8 

12.5 

PM 

Q1(D) 

2.0 

1.3 

12.5 

PM 

Decreasing  the  gradient  of  the  final  lenses  increases  their 
total  length,  which  in  turn  increases  the  severity  of  chro¬ 
matic  aberrations.  Thus  the  bandwidth  of  the  final  focus 
can  be  degraded  by  selecting  longer,  weaker  final  doublet 
magnets.  The  bandwidth  was  improved  by  adding  a  fourth 
quadrupole  to  the  matching  region  between  the  end  of  the 
chromatic  correction  section  and  the  final  doublet,  thus  al¬ 
lowing  the  phase  advance  of  the  matching  region  to  be  op¬ 
timized  in  each  plane  for  bandpass[2],  and  tuning  3  sex- 
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tupoles  at  IP  images  in  the  chromatic  correction  sections 
and  final  dispersion  suppressor.  The  bandwidth  as  a  func¬ 
tion  of  center-of-mass  energy  is  shown  in  Figure  2.  The 
bandpass  of  the  system  is  judged  to  be  sufficient  at  all  ener¬ 
gies.  The  previous  design  called  for  using  a  larger  bend  an¬ 
gle  in  the  CCX  and  CCY  to  reduce  the  necessary  sextupole 
strength,  which  in  turn  would  improve  the  bandpass;  this 
is  not  considered  necessary,  given  the  bandpass  as  shown 
in  Figure  2.  The  geometric  luminosity  (luminosity  without 
disruption  enhancement)  as  a  function  of  energy  is  shown 
in  Figure  3.  Figure  3  includes  effects  of  geometric  and 
chromatic  aberrations  as  well  as  synchrotron  radiation  in 
quads  and  bends. 


C  M.  Energy  (GcV) 

Figure  2:  Luminosity  bandwidth  of  NLC  Final  Focus  as  a 
function  of  center-of-mass  energy. 


Center-of-mass  energy  (GeV) 

Figure  3:  Luminosity  of  NLC  Final  focus  as  a  function  of 
center-of-mass  energy. 

6  IR  LAYOUT 

The  NLC  beams  enter  the  detector  with  a  10  mrad  hori¬ 
zontal  angle  with  respect  to  the  detector  solenoid  axis.  The 


nonzero  horizontal  momentum  in  the  solenoid  causes  a  ver¬ 
tical  displacement  of  the  beams  at  the  collision  point.  In 
addition,  the  beams  have  a  very  flat  aspect  ratio  at  the  col¬ 
lision  point,  which  can  be  severely  impacted  by  coupling 
from  the  solenoid. 

Previous  studies  of  the  interaction  region  have  relied 
upon  a  “flux  excluder”,  a  solenoid  around  the  last  few 
quads  which  cancels  the  detector  solenoid’s  effects.  How¬ 
ever,  more  complete  modelling  of  the  solenoid  indicates 
that  the  effects  of  a  real  solenoid  are  much  less  severe  than 
for  a  hard-edged  field  model:  the  fringe  fields  tend  to  can¬ 
cel  the  effects  of  the  main  field.  Thus  the  optical  effects  of 
the  solenoid  can  be  cancelled  with  very  small  skew  quad 
fields  and  displacements  of  the  last  quad  and  the  chromatic 
correction  sextupoles  at  the  level  of  a  few  microns.  In  ad¬ 
dition,  the  solenoidal  field  falls  off  quickly  with  distance 
from  the  IP,  and  thus  the  permanent  magnet  quads  (2  me¬ 
ters  from  the  IP)  are  in  no  danger  of  demagnetizing  due  to 
the  effect  of  the  external  solenoid  field. 

We  conclude  that  the  flux  excluder  can  be  removed  from 
the  IR  design  with  only  a  miniscule  impact  on  luminosity, 
and  that  no  corrective  elements  are  needed  inboard  of  the 
last  quadrupole  magnet. 

7  FEEDBACKS  AND  TUNING 
SIMULATIONS 

Fast  beam-based  feedbacks  were  an  essential  component 
of  the  Stanford  Linear  Collider,  and  have  been  used  exten¬ 
sively  at  synchrotron  light  sources  to  control  instabilities 
and  relax  tolerances.  Work  has  begun  on  identifying  and 
defining  the  feedbacks  needed  in  the  beam  delivery  region 
of  the  NLC.  These  include  several  conventional  feedbacks, 
which  apply  a  correction  to  future  bunch  trains  based  on 
the  measured  performance  of  past  train;  dither  feedbacks, 
which  slowly  vary  a  parameter  (for  example,  IP  disper¬ 
sion)  and  measure  a  state  (for  example,  luminosity)  seeking 
an  optimum  value  [3];  and  a  superfast  IP  feedback,  which 
measures  the  beam-beam  deflection  of  the  first  bunches  of 
a  train  and  applies  a  correction  to  subsequent  bunches  of 
the  same  train  to  achieve  head-on  collision. 
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Abstract 

The  two  main  functions  of  the  NLC  extraction  line  include: 
1)  transmission  of  the  outgoing  disrupted  beam  and  sec¬ 
ondary  particles  to  the  dump  with  minimal  losses;  and  2) 
beam  diagnostics  and  control.  In  this  report,  we  describe 
the  extraction  line  optics,  present  the  results  of  tracking 
studies,  and  discuss  the  extraction  line  instrumentation. 

1  INTRODUCTION 

The  power  of  the  Next  Linear  Collider  (NLC)  [1]  beams 
at  1  TeV  (cms  energy)  can  be  as  high  as  10  MW  and  has 
to  be  safely  disposed  after  the  interaction  point  (IP).  For 
the  NLC  beam  parameters  at  the  IP,  a  significant  disruption 
[2]  of  the  beam  distribution  occurs  due  to  the  beam-beam 
interaction,  notably  an  increase  in  the  beam  angular  diver¬ 
gence  and  energy  spread.  In  addition,  the  beam  collisions 
generate  a  significant  amount  of  beamstrahlung  photons, 
low  energy  e+e~  pairs  and  other  secondary  particles;  the 
number  of  the  beamstrahlung  photons  from  the  IP  is  com¬ 
parable  to  that  of  the  primary  beam  particles.  The  need  to 
transport  the  photon  power  to  the  dump  places  constraints 
on  the  extraction  line  design.  Following  earlier  studies  [3], 
the  current  design  is  based  on  a  shared  dump  for  the  pri¬ 
mary  leptons  and  photons.  To  minimize  beam  losses  due  to 
large  energy  spread  in  the  disrupted  beam,  it  is  critical  to 
design  optics  with  large  chromatic  bandwidth.  Additional 
constraints  are  imposed  by  planned  diagnostics  after  IP. 

Several  scenarios  are  currently  under  study  for  NLC 
beam  parameters  [1],  In  this  paper,  we  present  the  results 
for  one  scenario  which  gives  the  largest  energy  spread  and 
beam  loss  for  the  disrupted  beam.  This  set  of  beam  param¬ 
eters  includes:  1046  GeV  cms  energy,  120  Hz  repetition 
rate,  95  bunches  per  RF  pulse  and  0.75  •  1010  bunch  charge 
(see  also  Table  1).  Since  the  colliding  beam  parameters  are 
identical  at  IP,  the  extraction  line  design  described  below  is 
applicable  to  both  beams. 

2  LATTICE 

The  primary  requirement  for  the  NLC  extraction  line  is  to 
transport  the  outgoing  beams  to  the  dump  with  minimal 
losses  and  provide  conditions  for  beam  diagnostics.  The 
main  optics  includes:  1)  a  set  of  quadrupoles  after  IP  to  fo¬ 
cus  the  outgoing  lepton  beam;  2)  a  horizontal  chicane  and 
secondary  IP  in  the  middle  of  chicane  for  beam  measure¬ 
ments;  and  3)  a  second  quadrupole  set  at  the  end  of  the 
line  to  make  a  parallel  beam  at  the  dump.  The  strength  of 
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Figure  1:  Lattice  functions  in  the  extraction  line. 


the  first  quadrupole  system  is  defined  by  the  point-to-point 
transformation  from  IP  to  secondary  IP  (i?i2=I?34=0),  and 
the  second  set  of  quadrupoles  provides  a  point-to-parallel 
transformation  to  the  dump  (R22=Ra4-0)-  The  optics  cal¬ 
culations  were  made  using  MAD  code  [4]. 

The  lattice  functions  of  the  extraction  line  are  shown  in 
Fig.  1 .  Since  the  beam  size  at  IP  is  much  smaller  in  the  ver¬ 
tical  plane,  the  first  quadrupole  after  IP  focuses  the  beam 
horizontally.  This  minimizes  the  overall  beam  size  in  the 
extraction  line.  For  realistic  magnet  design,  we  use  the 
quadrupole  pole  tip  field  <12  kG  at  1  TeV  (cms  energy) 
and  8.2  kG  field  in  the  bends.  The  total  length  of  the  beam 
line  is  about  150  m. 

The  beam  line  optics  is  constrained  by  the  following  pa¬ 
rameters  and  requirements: 

-  Crossing  angle  and  positions  of  the  final  focus  quads, 

-  Disrupted  beam  parameters  at  IP, 

-  Angular  divergence  of  the  beamstrahlung  photons, 

-  Shared  dump  for  a  primary  beam  and  photons, 

-  Secondary  IP  and  chicane  for  beam  diagnostics. 

2.1  IP  Constraints 

The  NLC  beams  cross  at  20  mrad  horizontal  angle,  and 
the  nearest  final  focus  quadrupoles  are  placed  2  m  before 
the  IP.  To  minimize  geometric  interference  between  the  fi¬ 
nal  focus  and  extraction  line  magnets,  the  latter  should  be 
placed  as  far  as  possible  from  the  IP.  However,  a  long  free 
space  after  IP  increases  the  beam  size,  apertures  and  length 
of  the  extraction  line  quadrupoles.  In  this  design,  we  place 
the  first  extraction  line  quadrupole  6  m  after  IP.  This  clears 
the  first  three  final  focus  quadrupoles. 

2.2  Disrupted  Beam  Parameters 

The  strong  beam-beam  interactions  change  the  beam  pa¬ 
rameters  at  IP.  Notably,  a  significant  increase  occurs  in 
the  beam  energy  spread  and  horizontal  angular  divergence. 
The  horizontal  phase  space  for  the  disrupted  primary  beam 
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Figure  2:  Horizontal  phase  space  at  IP:  dots  -  disrupted 
beam,  ellipse  -  lcr  undisrupted  beam. 


Table  1:  Beam  parameters  at  IP. 


Beam  parameter 

Undisrupted 

x/y 

Disrupted 

x/y 

Emit,  (mrad)  [10~ia] 

39/0.59 

120/ 1.02 

rms  size  (nm) 

198/2.7 

198/3.2 

rms  divergence  (/mad) 

20/22 

125/33 

(3*  (mm) 

10.0/0.125 

3.259/0.103 

a* 

0/0 

1.805/0.306 

at  IP  is  shown  in  Fig.  2.  The  beam  distribution  was  calcu¬ 
lated  using  GUINEA  PIG  beam-beam  simulation  code  [5]. 
The  undisrupted  la  phase  ellipse  is  shown  for  comparison 
in  Fig.  2.  The  nominal  and  disrupted  beam  parameters  are 
given  in  Table  1. 

The  energy  distribution  for  the  disrupted  beam  is  shown 
in  Fig.  3.  The  low  energy  tail  extends  to  S  ~  -90% 
(5=Ap/p),  and  up  to  1%  of  the  beam  power  (~100  kW)  is 
carried  by  the  particles  with  <5  <-50%.  To  minimize  losses 
in  this  energy  range,  the  optics  requires  a  huge  chromatic 
bandwidth  and  large  magnet  apertures.  The  methods  used 
to  improve  the  chromatic  transmission  are  discussed  below. 

2.3  Chromatic  Bandwidth 

To  satisfy  optics  conditions  for  the  nominal  energy,  the  use 
of  quadrupole  doublets  in  the  beginning  and  end  of  the  ex¬ 
traction  line  is  sufficient.  However,  the  strong  doublets  sig¬ 
nificantly  overfocus  the  particles  in  the  low  energy  range 
and  lead  to  beam  losses.  To  reduce  the  overfocusing,  we 
replaced  the  doublets  by  5  alternating  gradient  quadrupoles 
in  the  beginning  and  4  quadrupoles  at  the  end  of  the  beam 
line  (see  Fig.  1)..  Since  the  net  focusing  for  the  nominal 
energy  has  to  remain  the  same,  the  strengths  of  individ¬ 
ual  quadrupoles  are  reduced.  As  a  result,  the  low  energy 
particles  experience  less  focusing  in  each  quadrupole  and 
oscillate  through  the  alternating  gradient  system  with  less 
overfocusing.  The  strengths  of  individual  quads  were  opti¬ 
mized  by  minimizing  the  low  energy  betatron  amplitudes. 
The  limitations  of  the  described  multi-quad  system  are  the 
increased  length  of  the  focusing  system  and  the  large  beam 
size  and  magnet  apertures. 

A  simplified  explanation  of  the  multi-quad  bandwidth 
can  be  made  using  analogy  with  a  FODO  system  of  n  iden¬ 
tical  cells  with  fixed  total  phase  advance  p.  In  such  a  sys- 


Figure  3:  Energy  distribution  for  disrupted  beam. 

tern,  the  range  of  low  energies  satisfying  stability  condi¬ 
tions  increases  with  n  proportional  to  l-sin(/z/2n). 

2.4  Beamstrahlung  Photons 

Bending  of  the  particle  orbits  due  to  beam-beam  forces  at 
IP  results  in  radiation  and  significant  flux  of  beamstrahlung 
photons  from  IP.  The  GUINEA  PIG  simulation  shows  that 
the  rms  angular  spread  of  the  photons  is  on  the  order  of 
±100  /mad  in  the  horizontal  plane  and  a  factor  of  2  smaller 
in  the  vertical  plane.  In  this  design,  the  primary  beam  and 
the  photons  are  transported  to  one  shared  dump.  For  beam 
diagnostics  in  the  extraction  line,  it  is  desirable  to  avoid  any 
material  in  the  path  of  the  beamstrahlung  photons.  There¬ 
fore,  large  apertures  of  the  magnets  and  beam  pipe  have  to 
be  used  to  include  the  photon  flux.  For  this  design,  we  as¬ 
sumed  the  maximum  photon  beam  divergence  of  ±1  mrad 
and  ±0.5  mrad  in  the  horizontal  and  vertical  planes,  respec¬ 
tively. 

2.5  Chicane 

The  horizontal  chicane  allows  to  separate  the  outgoing 
electron  and  photon  beams  for  measurements.  In  this  de¬ 
sign,  the  chicane  is  made  of  4  pairs  of  bends  which  pro¬ 
duce  a  closed  bump  with  2  cm  of  horizontal  displacement 
and  dispersion.  This  dispersion  is  sufficient  to  measure  the 
energy  spread  of  the  undisrupted  beam  at  the  secondary  IP. 
Since  there  are  no  quadrupoles  between  bends,  the  orbit 
bump  is  closed  for  all  energies.  The  maximum  displace¬ 
ment  for  the  low  energy  particles  increases  with  1  /E. 

2.6  Magnet  Apertures 

Large  physical  aperture  is  required  for  maximum  transmis¬ 
sion  of  the  beam  to  the  dump.  We  determined  the  extraction 
line  aperture  by:  1)  10cr  beam  size;  2)  low  energy  horizon¬ 
tal  excursions  in  the  chicane;  and  3)  the  maximum  photon 
flux  size.  Schematically,  this  is  shown  in  Fig.  4.  Outside  the 
chicane  region  the  aperture  is  dominated  by  the  ±1  mrad 
horizontal  angle  of  the  photon  flux.  The  quadrupole  aper¬ 
tures  vary  from  ±  1  cm  for  the  first  quadrupole  after  IP  to 
±13  cm  near  the  dump. 

To  minimize  beam  losses  in  the  chicane  region,  we  in¬ 
creased  apertures  to  include  low  energy  orbits  up  to  8  = 
—90%.  With  the  beam  size  included,  the  maximum  hor¬ 
izontal  aperture  in  the  chicane  is  ±20  cm.  Since  the  or¬ 
bit  excursions  in  the  chicane  occur  in  the  horizontal  plane, 
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Figure  4:  Aperture  constraints:  solid  line  -  nominal  beam; 
dash:  ±1  mrad  photon  x-angle;  dash-dot:  S=- 90%  x-orbit. 

a  smaller  vertical  aperture  can  be  used  in  the  bends.  The 
tracking  simulations  showed  that  ±50  mm  vertical  gap  in 
the  bends  is  sufficient  to  minimize  beam  losses  and  include 
the  ±0.5  mrad  vertical  photon  angle. 

3  DIAGNOSTICS 

Beam  line  diagnostics  fall  into  three  categories:  1)  standard 
diagnostics  (BPMs,  toroids  and  ion  chambers)  to  facilitate 
cleanly  transporting  the  beam  to  the  beam  dump;  2)  lumi¬ 
nosity  diagnostics  to  measure  and  optimize  the  luminosity; 
and  3)  physics  diagnostics  to  measure  the  beam  polariza¬ 
tion,  energy,  and  energy  spread. 

The  luminosity  diagnostics  will  include  BPMs  with  1 
jum  resolution  for  measurements  of  deflection  angles,  as 
well  as  detectors  to  monitor  low  energy  particles  produced 
at  the  IP  from  radiative  Bhabha  and  pair  production  pro¬ 
cesses.  The  physics  diagnostics  will  include  a  Compton 
polarimeter,  an  energy  spectrometer,  and  a  wire  scanner 
to  measure  energy  spread.  The  Compton  polarimeter  will 
collide  a  laser  beam  with  the  electron  beam  in  the  mid¬ 
dle  of  the  chicane,  and  its  detector  will  analyze  Compton- 
scattered  electrons  below  50  GeV  after  the  chicane.  A 
conventional  wire  scanner  in  the  chicane  can  be  used  for 
the  energy  spread  measurements.  An  SLC-style  energy 
spectrometer  is  planned  between  the  chicane  and  the  beam 
dump  to  measure  the  separation  of  synchrotron  light  due  to 
a  precisely  calibrated  spectrometer  magnet. 

4  BEAM  LOSS 

The  methods  used  to  improve  the  beam  transmission  in¬ 
cluded:  1)  the  use  of  multi-quad  focusing  systems  for 
large  chromatic  bandwidth;  and  2)  sufficiently  large  mag¬ 
net  apertures.  To  assure  accuracy  of  the  beam  transport 
with  low  energy  tail,  we  used  a  modified  version  of  the 
DIMAD  code  [6]  which  can  handle  chromatic  terms  to  all 
orders. 

With  up  to  10  MW  of  the  NLC  beam  power,  even  the 
loss  of  just  0.3%  would  be  equivalent  of  losing  the  whole 
SLC  beam  (30  kW).  Therefore,  our  goal  was  to  reduce  to  a 
minimum  the  overall  beam  losses.  In  addition,  an  excessive 
beam  loss  would  interfere  with  the  planned  diagnostics  and 
experiments  in  the  extraction  line. 

In  tracking  simulations,  we  used  a  disrupted  distribution 
of  15,000  primary  beam  particles  calculated  with  GUINEA 
PIG  code.  This  distribution  was  tracked  from  IP  to  the 
dump  and  the  beam  losses  were  monitored  along  the  beam 


Figure  5:  Distribution  of  the  beam  power  loss. 


line.  We  used  round  apertures  for  the  quadrupoles  and 
drifts,  and  rectangular  aperture  for  the  bends. 

The  most  losses  occur  for  the  very  low  energy  particles 
which  experience  strong  overfocusing  in  quadrupoles  and 
large  horizontal  deflections  in  the  bends.  The  calculated 
beam  power  loss  along  the  beam  line  is  shown  in  Fig.  5. 
In  this  case,  all  particles  with  £>-50%  and  most  with  the 
lower  energies  are  transported  to  the  dump.  The  total  loss 
is  4.7  kW  (0.25%  particles)  and  the  distributed  power  loss 
is  below  0.5  kW/m.  At  the  dump,  the  rms  (x/y)  beam  size 
is  7. 7/4.7  mm  with  the  tails  extending  to  ±100/40  mm. 

The  simulations  included  the  6  T  detector  solenoid  (12 
Tm  after  IP).  Due  to  the  crossing  angle,  the  solenoid  in¬ 
duces  vertical  orbit  distortions.  The  study  showed  that  with 
corrected  vertical  orbit  after  IP,  the  solenoid  effect  on  the 
beam  loss  is  negligible. 

5  FUTURE  STUDIES 

In  future  studies,  we  need  to  increase  statistics  of  GUINEA 
PIG  simulations  to  obtain  more  accurately  the  distributions 
of  electrons  in  the  low  energy  tail  and  beamstrahlung  pho¬ 
tons  at  large  angles.  Tracking  of  these  particles  is.  needed 
to  calculate  signal  to  background  ratios  in  the  diagnostic 
detectors. 

More  details  have  to  be  included  in  the  design  of  the 
beam  line  diagnostics,  in  particular  the  magnets  for  the  en¬ 
ergy  spectrometer. 

Methods  of  directing  the  main  beam  and  photons  to  sep¬ 
arate  dumps  and  possibly  reducing  the  backgrounds  and 
neutron  back-shine  from  the  dump  need  to  be  investigated. 

6  REFERENCES 

[1]  NLC  ZDR  Design  Group,  “Zeroth-Order  Design  Report  for 
the  Next  Linear  Collider,”  SLAC  Report  474  (1996);  with 
updated  parameters  at: 

http://www-project.slac.stanford.edu/lc/nlc-tech.html. 

[2]  R.  Hollebeek,  “Disruption  Limits  for  Linear  Colliders,” 
NIM,  184,  p.  333  (1981). 

[3]  J.  Spencer,  et  al.,  “The  SLAC  NLC  Extraction  &  Diagnos¬ 
tic  Line,”  Proceedings  of  the  1995  IEEE  Part.  Acc.  Conf., 
Dallas,  p.713  (1995). 

[4]  H.  Grote,  F.  C.  Iselin,  CERN/SL/90-13  (AP)  Rev.4  (1994). 

[5]  D.  Schulte,  Ph.D.  thesis  (1996). 

[6]  P.  Tenenbaum,  et  al.,  “Use  of  Simulation  Programs  for  the 
Modelling  of  the  NLC,”  these  proceedings  (1999). 


3467 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


THE  TRANSVERSE  LONG-RANGE  WAKEFIELD  IN  RDDS1 
FOR  THE  JLC/NLC  X-BAND  LINACS 

R.M.  Jones1-,  N.M.  Kroll1-*  R.H.  Miller1-,  T.  Higo¥ ,  Z.  Li1-,  R.D.  Rutland  J.  W.  Wang1- 
fStanford  Linear  Accelerator  Center,  M/S  26,  P.0  Box  4349,  Stanford,  CA  94309,  USA 
^University  of  California,  San  Diego,  La  Jolla,  CA  92093-0319. 

¥KEK,  Natl.  Lab.  for  High  Energy  Physics,  1-1  Oho,  Tsukuba-shi, 

Ibaragi-ken  305,  Japan 

Abstract 


The  re-designed  RDDS  (Rounded  Damped  Detuned 
Structure)  consists  of  206  cells  with  a  rounded  cell  profile 
formed  by  a  number  of  circular  arcs  and  a  straight  section. 
In  the  previous  analyses  [l]  of  the  present  structure  all 
cells  have  been  assumed  to  be  coupled  to  the  manifold  via 
slots  cut  into  the  cells  and,  a  perfect  match  to  the  HOM 
(Higher  Order  Mode)  couplers  has  been  used.  In  the 
structure  being  fabricated,  four  cells  on  either  end  of  the 
structure  are  decoupled  to  accommodate  the  HOM 
couplers  and,  the  HOM  couplers  have  finite,  frequency 
dependent,  reflection  coefficients.  The  wakefield  is 
calculated  incorporating  both  effects. 

1  INTRODUCTION 

In  order  to  achieve  high  luminosity  beams  at  the  collision 
point  in  a  linear  collider  scheme  it  is  required  to  accelerate 
multiple  bunches  of  low  emittance  particles.  However, 
the  first  bunch  in  a  train,  will  excite  a  transverse 


Figure  1:  CAD  exploded  view  of  RDDS.  The  curvature 
of  the  cells  and  the  HOM  couplers  are  illustrated. 


wakefield,  which  arises  either  by  a  slight  transverse 
misalignment  in  the  structure,  or  some  jitter  induced  beam 
offset.  This  wakefield  will  kick  successive  bunches  off 
axis  and  they  will  also  generate  wakefields  themselves.  If 
this  effect  is  not  reduced  then  the  emittance  of  the  beam 
will  be  diluted  and  a  BBU  (Beam  Break  Up)  instabilty 


will  develop.  The  main  component  of  the  modes  is  dipole 
in  character.  In  the  KEK/SLAC  collaboration  we  have 
developed  a  scheme  to  damp  these  modes,  which  relies  on 
Gaussian  detuning  the  modes  excited  by  the  beam  such 
that  they  do  not  add  up  in  a  coherent  fashion,  together 
with  moderate  damping  of  the  long  range  wakes.  The 
RDDS  is  illustrated  in  Fig.  1.  Damping  is  required  in 
addition  to  detuning  because  eventually  the  finite  number 
of  modes  will  partially  recohere  and  lead  to  an 
unacceptably  high  wakefield.  The  long-range  wakefield  is 
carefully  coupled  out  at  each  cell  to  four  manifolds  which 
lie  parallel  to  the  axis  of  the  accelerator. 

There  have  been  three  DDS,  two  of  which,  DDS  1  and  3 
have  been  measured  in  the  SLC  using  the  ASSET  facility 
[2],  The  present  design,  RDDS1,  has  a  1 1.25%  frequency 
bandwidth  or  about  4.75  in  units  of  o.  This  design  has 
been  carefully  optimized  to  maximize  the  shunt 
impedance  and  to  minimize  the  long  range  transverse 
wakefields.  In  the  process  of  designing  the  structure  it 
was  necessary  to  decouple  cells  and  it  was  found  that, 
there  will  not  in  practice  be  a  perfect  match  of  the  HOM 
load.  The  next  section  discusses  the  design  of  the  load 
and  in  section  3,  the  influence  of  decoupling  cells  on  thee 
wakefield  is  described. 

2  MANIFOLD  TERMINATIONS 

The  HOM  terminations  for  the  DDS  are  surprisingly 
critical:  a  VSWR  as  small  as  1.05  on  the  loads  at  the 
downbeam  end  of  the  structure  causes  a  noticeable 
increase  in  the  wakefield  amplitudes.  However,  our 
equivalent  circuit  model  shows  that  the  power  flow  in  the 
manifold  is  predominantly  in  the  direction  of  the  beam,  so 
that  reflections  at  the  upbeam  end  are  of  little 
consequence.  In  order  to  avoid  the  possibility  of  stray 
electrons  charging  the  lossy  ceramic  in  the  loads  and  also 
the  possibility  of  ceramic  fragments  falling  into  the 
accelerator  structure,  we  have  chosen  to  have  the  loads 
external  to  the  accelerator  structure.  The  power  is  brought 
out  in  rectangular  double-mitered  bends  which  have  an 
excellent  match  over  the  11%  bandwidth  of  interest.  The 
match  from  the  round  manifolds  which  are  periodically 
loaded  by  coupling  apertures  into  each  cell  (except  the 
final  4)  into  the  smooth  rectangular  guide  in  a  short 
distance  (order  of  10mm)  proved  to  be  more  difficult.  For 
both  the  numerical  modeling  and  the  experimental  cold 
test  and  optimization  measurement  the  same  approach 
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Figure  2:  Uppermost  is  the  spectral  function  for  all  cells 
coupled  (where  the  dots  indicate  the  smoothed  undamped 
spectral  function).  The  subsequent  curves  are  computed 
for  1  cell  decoupled,  followed  by  three,  and  four  cells 
(lowermost)  decoupled  from  both  the  upstream  and 
downstream  end  of  the  RDDS 
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Figure  3:  Uppermost  is  shown  a  comparison  of  the  RDDS 
versus  the  RDT  (Rounded  Detuned,  see  main  text)  wake 
function  for  all  cells  coupled.  The  subsequent  curves  are 
computed  for  1  cell  decoupled,  three,  and  finally  4  cells 
(lowermost)  decoupled  from  both  the  upstream  and 
downstream  end  of  the  RDDS. 
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Figure  4:  Magnitude  of  the  reflection  coefficient  of  the 
HOM  couplers  (shown  inset  is  the  corresponding  phase) 

was  taken:  two  higher  order  mode  couplers  are  put  back 
and  the  distance  between  them  was  varied  by  integer 
numbers  times  the  periodic  length  of  the  structure.  So  the 
rf  power  traveled  from  a  source  through  a  single  mode 
rectangular  waveguide,  through  the  double  mitered  bend, 
through  the  transition  from  rectangular  guide  to  the  round 
TE„  manifold  periodically  loaded  by  slots  into  the 
accelerator  cells  every  8.75mm,  up  to  about  5  periods, 
through  another  transition  back  to  a  smooth  rectangular 
guide,  and  finally  through  the  second  double  mitered  bend 
to  an  output  single  mode  rectangular  guide  to  a  matched 
load.  If  the  system  is  lossless,  as  the  number  of  periods 
between  the  input  transition  and  the  output  transition  is 
varied,  the  input  impedance  always  lies  on  a  circle  in  the 
complex  plane.  If  the  input  and  output  transitions  are 
identical,  the  circle  passes  through  the  origin  so,  in 
principle,  two  measurements  determine  the  circle.  For 
both  the  numerical  simulation  and  the  cold  tests  3  or  4 
different  lengths  are  used,  and  for  each  length  the 
impedance  is  measured  as  a  function  of  frequency  over  the 
band  from  14.0  tol6.5GHz.  The  design  was  optimized 
using  MAFIA  in  time  domain  driving  the  system  with  a 
pulse  short  enough  to  contain  the  required  bandwidth. 
The  forward  and  reflected  waves  were  Fourier  analyzed 
and  the  reflection  coefficient  calculated  as  a  function  of 
frequency.  The  reflection  coefficient  for  a  single  HOM 
coupler  calculated  from  the  numerical  simulation  is  shown 
in  Fig  4.  A  bolt-together  cold  test  model  which  permits 
changing  the  length  between  the  transitions  in  period  steps 
has  been  built  and  cold  testing  has  begun. 

3  DECOUPLED  CELLS 

The  reason  we  are  required  to  minimize  the  wakefield  is 
that  a  cumulative  BBU  instability  may  develop  if  the 
wakefield  couples  resonantly  to  multiple  bunches  and 
kicks  them  off  axis.  Provided  the  wakefield  is  sufficiently 
small  the  BBU  instability  will  not  develop.  In  Fig  1, 
uppermost,  the  spectral  function  is  computed  for  all  cells 
coupled  to  the  manifold  and  including  the  effect  of  the 
mismatch  of  the  frequency  dependent  HOM  coupler 
(shown  in  Fig  3).  The  oscillation  imposed  on  the  spectral 


function  results  from  the  imperfect  match  of  the  HOM 
coupler.  The  resulting  wakefield  is  shown  uppermost  in 
Fig.  3.  There  is  some  degradation  in  the  reduction  in 
wakefield  in  the  range  5  to  30m  or  so.  Also  indicated  in 
Fig.  2  is  the  wakefield  that  would  result  if  none  of  the 
cells  were  coupled  to  the  manifold,  i.e.,  if  a  purely  DT 
(detuned  structure)  The  wakefield  resulting  from  the  DT 
recoheres  and  for  this  reason  additional  damping  is 
required. 

The  wakefield  when  all  cells  are  coupled  to  the  manifold, 
at  the  design  value  of  the  bunch  spacing  is  sufficiently 
small  to  prevent  BBU  occurring.  However,  it  has  been 
found  that  the  sum  wake  even  for  all  cells  coupled  is  quite 
sensitive  to  bunch  spacing  and  this  situation  may  give  rise 
to  a  significant  growth  in  the  emittance.  Including  a 
perfect  match  to  the  HOM  improves  the  wakefield  and 
alleviates  BBU.  However,  in  practice  mechanical  design 
considerations  require  that  a  number  of  cells  be 
decoupled.  The  resulting  spectral  function  is  shown  in 
Fig.  1  (third  from  the  top).  Inspection  of  the  spectral 
function  in  the  high  frequency  region  reveals  a  number  of 
high  Q  modes  have  resulted  from  the  decoupling.  These 
high  Q  modes  lead  to  an  increase  in  the  wakefield  (shown 
by  the  third  curve  in  Fig  2)  in  the  region  4-8  meters  and  in 
the  region  immediately  after  the  recoherence  peak 
(situated  at  approximately  30m). 

Decoupling  cells  enhances  the  wakefield  to  the  extent  that 
a  single  mode,  or  small  number  of  modes,  drives  the 
bunches  off  axis  and  this  results  in  BBU  at  the  designed 
bunch  spacing.  Further,  the  difference  between  the 
wakefield  achieved  with  3  and  4  cells  decoupled  (lower¬ 
most  in  Fig  2)  is  seen  to  be  quite  small.  And  hence,  to 
further  ease  the  constraints  on  the  method  of  minimizing 
the  reflection  coefficient  of  the  transition  between  circular 
manifold  and  rectangular  manifold  (and  on  mechanical 
constraints  imposed  on  the  geometry)  we  finally  decided 
upon  a  RDDS  with  4  cells  decoupled  from  the  manifold. 

4  RDDS  EXPERIMENTS  ENVISAGED 

In  the  forthcoming  ASSET  experiment  planned  to 
measure  the  wakefield  in  RDDS  1  we  will  carefully 
design  the  horizontal  manifold,  such  that  only  one  cell  is 
decoupled.  This  will  allow  us  to  compare  the  wakefields 
as  a  function  of  cell  decoupling.  Additionally,  it  may  be 
possible  to  utilize  the  NLCTA  to  investigate  BBU. 
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Abstract 

In  the  equivalent  circuit  model  for  the  DDS  originally 
presented  no  losses  were  explicidy  included  in  the  cell 
circuits  or  the  manifold  circuits.  Damping  via  the 
manifolds  was  effected  by  imposing  matching  conditions 
(including  the  possibility  of  reflection)  on  the  ends  of  the 
manifolds.  In  this  paper  we  extend  the  circuit  theory  to 
include  lossy  circuit  elements.  We  discuss  and  compare 
shunt  conductance  and  series  resistance  models  for  the 
cells.  Manifold  damping  is  modeled  by  introducing  a 
shunt  conductance  per  unit  length  in  the  transmission  line 
elements  of  the  manifolds.  We  apply  the  theory  to  the 
mitigation  of  performance  degradation  associated  with 
fabricationally  desireable  decoupling  of  several  cells  at  the 
ends  of  the  structure  from  the  manifolds. 

1  INTRODUCTION 


be  ameliorated  by  the  addition  of  resistive  damping  to  the 
equivalent  circuit  model.  Adding  resistive  attenuation  to 
the  manifolds  is  likely  to  reduce  the  effect  of  termination 
mismatch,  while  individually  damping  the  downstream 
cells  not  connected  to  the  manifold  is  expected  to  reduce 
the  Q  of  the  modes  discussed  in  [5],  In  the  following 
sections  we  first  discuss  equivalent  circuit  models  which 
include  cell  damping  and  obtain  the  modified  equivalent 
circuit  expressions  for  the  wake  impedance  defined  in  [6]. 
The  wake  function  itself  is  then  obtained  by  Fourier 
transforming  the  wake  impedance  without  employing  any 
direct  appeal  to  contour  modification  or  to  analytic 
properties.  This  is  followed  by  applications  of  the  theory 
to  uniform  cell  damping,  intended  to  replace  the 
phenominological  model  of  copper  losses  mentioned 
above,  and  to  the  effect  of  damping  the  downstream  cells 
not  connected  to  the  manifold.  The  effect  of  manifold 
attenuation  will  be  discussed  in  a  future  publication. 


The  SLAC  DDS  acronym  refers  to  detuned  accelerator 
structures  in  which  the  transverse  wake  field  is  controlled 
by  detuning  for  proximate  bunches  and  weak  damping  for 
remote  bunches  [1].  The  damping  is  provided  by  four 
damping  manifolds,  waveguide  like  structures  aligned 
symmetrically  along  the  length  of  the  structure,  which 
drain  dipole  mode  energy  into  external  loads  at  both  ends 
of  the  manifolds.  In  the  original  equivalent  circuit  studies, 
the  manifolds  were  coupled  to  every  structure  cell  and  the 
manifold  loads  were  matched.  Furthermore,  the 
equivalent  circuit  model  [2]  included  no  losses  other  than 
those  resulting  from  the  external  manifold  loads. 
Performance  assessments  have,  however,  always  taken 
copper  losses  into  account  phenomenologically  by 
multiplying  computed  wake  functions  by  a  decaying 
exponential  with  an  appropriate  damping  time 
characteristic  for  each  structure  type,  corresponding 
roughly  to  a  Q  of  6500  at  15  GHz  (181  ns). 

Subsequently  the  effect  of  manifold  mismatch  and  the 
effect  of  decoupling  a  few  cells  from  the  manifolds  have 
received  a  great  deal  of  attention.  Even  quite  small 
manifold  mismatch  leads  to  significant  degradation  of  the 
transverse  wake  function  [3,4].  Decoupling  a  few  cells 
from  the  manifolds  at  the  downstream  end  of  the  structure 
gives  rise  to  a  few  modes  with  relatively  high  Q  and  large 
kick  factors  [5],  which  also  leads  to  significant 
degradation.  It  is  expected  that  both  of  these  effects  can 


2  CIRCUIT  MODELS  OF  DAMPING 


Figure  1 :  Circuit  diagram  indicating  shunt  loading 


We  describe  and  compare  two  circuit  models  of  cell 
damping  which  we  refer  to  as  the  series  resistance  model 
and  the  shunt  conductance  model.  In  the  former, 
resistances  of  arbitrary  magnitude  are  inserted  in  series 
with  the  cell  loop  inductances  (see  [2],  especially  Fig.  1), 
while  in  the  latter,  conductances  are  shunted  across  the 
cell  loop  capacitances.  The  impedance  and  inductance  in 
Fig.  1  are  given  by: 


Z,  —  jco(L  +  M)  +  R  +  Zm 
Y2  =  jcoC  +  G 


(2.1) 


where  L,  R,  G,  and  C  are  diagonal  2Nx2N  matrices  (N 
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being  the  number  of  accelerator  cells),  M  is  the  mutual 
coupling  matrix  and  it  has  no  diagonal  elements,  Zm  is  the 
manifold  impedance  matrix.  Furthermore,  all  the  matrices 
are  symmetric.  In  the  series  resistance  model  G  =  0  and 
for  the  shunt  conductance  model  R  =0. 

The  impedance  presented  to  the  terminals  may  be  written: 

Zj  =  Z,(l  + Y2Zj)-1 

i  vytz.vy:  i 

We  write  Z,  because  the  circuit  shown  in  Fig  1  represents 
the  longitudinal  impedance.  Because  Y2  and  Z,  do  not 
commute  the  order  of  factors  in  the  above  eqn.  is 
significant.  The  second  form,  with  the  dimension-less 
quantity  is  well-suited  to  expression  in  terms 

of  our  standard  scaled  variables.  The  transverse 
impedance,  obtained  from  the  above  by  application  of  the 
Panofsky  Wentzel  theorem  in  the  usual  way  leads  to  an 
expression  analogous  to  eqn.  5  of  [6]  with  the  expression 
H(l  -  f  2H)  which  appears  there  replaced  in  the  series 
resistance  case  by: 


adding  attenuation  to  the  manifold  waveguide  sections. 

3  EVALUATING  THE  WAKE  FUNCTION 

In  reference  [6]  we  computed  the  (causal)  wake  function 
from: 

Wc  (s)  =  0(s)  J  S(f )  sin[(2  ns  /  c)f  ]  df  (3.1) 

o 

where  S(f)  =  -4Im{Z(f-je)}.  We  recall  some  well  known 
relations  to  argue  that  the  same  expression  is  appropriate 
here. 

Because  W  is  real,  Re{Z(f-je)}=Re{Z(-f-je)},  and 
Im{Z(f-je)}=  -Im{Z(-f-je)} 
and  thus: 

W(s)  =  2jdf{Zr  cos[2ns(f- je)]-Zj  sin[27ts(f  -  *)]} 

0 

(3.2) 

Define: 

Wc(s)  =  -40(s)J  dfZ;  sin[2ns  (f-je)]  (3.3) 


HQ(l-f2HQ)''  (2.3) 

with 


Hq  =  H~j(f0fQ)~l,Q=QR  =cn0L/R  =  2rtf0L/R  (2.4) 
in  the  shunt  resistance  case  by: 


where: 


Hr 


=  u-' 


UHU 
1  -  f  2UHU 


u-1 


(2.5) 


U  =  Qo  =  <o0C  /  G  (2.6) 

with  the  approximation 

H0  ~  2"(h(i  ~  f 2Hq )”'  +  (l  -  f 2Hq  )  ’  h),  Q  =  Qg  (2.7) 


Comparing  the  series  resistance  and  shunt  conductance 
expressions  with  equal  Q  matrices,  we  see  that  the 
denominator  matrix  is  the  same  in  the  two  cases.  For  the 
series  case,  however,  the  numerator  matrix  contains  a 
term  j/(ff0Q)  which  has  a  pole  at  f  =  0  and  gives  a  non 
vanishing  (and  noti  physical)  contribution  to  the  wake 
function  at  infinite  s.  In  the  applications  carried  out  so  far 
this  effect  of  this  term  has  been  suppressed  be  restricting 
the  domain  of  integration,  but  in  future  work  the  shunt 
conductance  model  will  be  used.  We  propose  to  add 
manifold  attenuation  to  the  equivalent  circuit  model  by 


where  Z=Im{Z}  and  Z=Re{Z}.  If  W  vanished  for 
negative  s  as  it  is  physically  required  to  do,  we  would 
have  W  =  Wc.  For  then  the  cos  integral  must  equal  minus 
the  sin  integral.  As  has  been  noted  before  the  equivalent 
circuit  model  has  a  non  physical  precursor  so  that  the 
equality  of  the  two  terms  is  only  approximate  at  small  s. 
Physically,  however,  W  must  vanish  both  for  negative  s 
and  at  s  =  0,  so  we  consider  Wc  to  be  a  better 
representation  of  the  wake  function  than  W.  While  this 
argument  might  lead  one  to  conclude  that  it  would  be 
equally  justified  to  use  the  cos  integral,  the  sin  integral  is 
superior  both  because  it  vanishes  at  s  =  0  and  because  it  is 
easier  to  evaluate  numerically.  Practically  speaking 
infinite  integration  ranges  must  always  be  replaced  by 
finite  ones,  and  generally  speaking  Im{Z}  (in  contrast  to 
Re{Z})  can  be  neglected  outside  the  structure  pass  bands. 
If  one  ignores  the  fact  that  this  argument  fails  near  f  =  0 
for  the  series  resistance  case  and  confines  the  integration 
to  the  structure  pass  bands,  the  two  models  should  give 
very  similar  results. 

4  APPLICATIONS 

The  primary  impetus  of  this  work  was  to  determine 
whether  the  deleterious  effect  of  decoupling  the  last  few 
downstream  cells  could  be  countered  by  damping  these 
cells  and  to  obtain  quantitative  information  on  how  much 
damping  would  be  required.  In  our  previous  analysis  there 
were  no  losses  in  the  circuit  model,  and  we  included 
Ohmic  cell  losses  by  including  a  decay  constant  after  the 
taking  the  Fourier  transform  of  the  spectral  function. 
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Freq.  (GHz) 


Figure  2:  Spectral  function  for  four  cells  decoupled  from 
the  manifold  of  RDDS1  and  all  loaded  with  a  cell  Q  of 
6500.  Also  shown  is  the  smoothed  undamped  spectral 
function  (indicated  by  dots). 

However,  in  Fig.  2  the  spectral  function  is  calculated 
including  Ohmic  cell  losses  for  both  the  TE  and  TM  mode 
in  all  206  cells.  For  our  previous  phenomenological 
model  to  have  been  a  faithful  representation  of  damping, 
the  wake  computed  by  both  models  should  be  quite 
similar  and,  the  resulting  wake  shown  in  Fig.  3  reveals 
that  the  only  noticeable  difference  in  the  wake  is  due  to  a 
slightly  different  sampling  used  in  the  the  two  Fourier 
transforms  in  the  two  methods.  This  gives  us  confidence 
in  the  reliablility  of  the  method  and,  we  calculate  the 
effect  of  damping  the  last  four  and  first  four  cells  of  the 
structure  with  a  Q  of  1000  (corresponding  to  the  original 
design  of  an  manifold-cell  Q  of  1000),  and  all  other  cells 
have  purely  copper  losses. 


Figure  3:  Wake  function  for  four  cells  decoupled  from  the 
manifold  of  RDDS  and  all  loaded  with  a  cell  Q  of  6500, 
corresponding  to  all  cells  being  loaded  down  with  copper 
losses  at  room  temperature.  The  bunches  are  spaced  at 
2.8ns  and  they  are  indicated  by  dots. 

The  spectral  function  for  this  situation,  shown  in  Fig  4., 
has  oscillations  in  the  upper  frequency  end  with 
considerably  reduced  amplitude  compared  with  those  in 
Fig.  2.  Indeed,  on  computing  the  modal  Q  we  find  that 
the  Q  for  the  last  5  resonances  ranges  from  approximately 
1200  to  1500,  as  compared  with  a  Q  range  of  3,000  to 
12,800  for  the  situation  in  Fig  2.  Thus  the  wakefield, 


illustrated  in  Fig.  5,  is  considerably  improved  in  the  region 
greater  than  5m  or  so,  in  the  the  neighbourhood  of  the 
recoherance  peak  (about  30m  or  so),  and  thereafter. 


Figure  4:  Spectral  function  for  four  cells  decoupled  from 
the  manifold  of  RDDS  and  all  are  loaded  with  a  cell  Q  of 
6500,  apart  from  the  last  four  and  the  first  four  cells  which 
are  given  Q  of  1000. 


s(m) 

Figure  5:  Wake  function  for  four  cells  decoupled  from  the 
manifold  of  RDDS  and  all  are  loaded  with  a  cell  Q  of 
6500,  apart  from  the  last  four  and  the  first  four  cells  which 
are  given  Q  of  1000  Shown  inset  is  the  wakefield  for  the 
first  2m. 
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Abstract 

The  passage  of  a  multi-bunch  beam  through  an  X-band 
accelerator  with  cells  and  structures  misaligned  gives  rise 
to  wakefields  which  disrupt  succeeding  bunches.  As  a 
consequence,  there  is  growth  in  the  overall  emittance  of 
the  final  colliding  bunches.  Here  we  study  this  process  in 
the  context  of  a  JLC-NLC  which  employs  the  recently 
developed  RODS  (Rounded  Damped  Detuned  Structures) 
accelerators  with  120  s  fill  time  and  drives  a  90  bunch, 
250  ns  bunch  train.  We  investigate  cumulative  beam 
break-up  (BBU)  under  various  parameter  regimes 
appropriate  to  the  structure  which  is  in  the  process  of 
being  fabricated  by  KEK  and  SLAC.  We  compute  the 
resultant  emittance  growth  by  means  of  analytical 
expressions  and  find  good  agreement  with  the  results  we 
obtain  from  a  particle  tracking  code.  We  set  misalignment 
tolerences  by  specifying  allowable  emittance  growth. 

1  INTRODUCTION 

The  primary  consideration  in  a  linear  collider  is  the 
luminosity  of  the  final  colliding  beams.  The  luminosity  is 

given  by:  L  =  fn1n2(4jtaxay)  ,  where  f  is  the  collision 

frequency,  n,  and  n2  are  the  number  of  the  particles  in 
each  of  the  colliding  bunches  and  the  beam  dimension  in 
the  horizontal  (vertical)  plane  is  given  by: 

/  \1/2 

ax(y)  =  (px(y)£x(y)J  Here,  e„w  is  the  horizontal  (vertical) 

emittance  and  Px(y)  is  the  horizontal  (vertical)  focussing 
function.  Thus,  in  order  to  maximize  L  it  is  required  to 
minimize  the  emittance  and  maximize  the  population  of 
each  bunch.  Also,  to  increase  f,  whilst  using  the  RF 
energy  more  efficiently,  in  our  design  we  accelerate  a 
train  of  90  bunches,  each  separated  from  its  neighbor  by 
2.8  ns.  As  the  highly  charged  bunches  traverse  the  linac 
any  misalignment  in  the  structure,  focussing  magnets,  or 
initial  offset  in  the  leading  bunch,  gives  rise  to  wakefields 
[1]  which  dilute  the  emittance  and  the  beam  may  break  up 
down  linac.  This  BBU  can  result  from  short  range  wakes 
over  the  bunch  itself,  in  which  the  head  drives  the  tail,  or 
from  a  long  range  wake,  in  which  trailing  bunches  are 
driven  by  leading  ones  and  a  cumulative  BBU  occurs  due 
to  the  coupled  motion  of  the  bunches.  The  subject  of  this 
paper  is  stucture  tolerance  and  cumulative  BBU  and 
means  to  avoid  it. 

2.  BBU  DUE  TO  LONG  RANGE  WAKES 

To  reduce  the  effect  of  modes  adding  together  coherently 
and  driving  the  bunches  resonantly  off-axis,  we  utilise 


4,720  X-band  RDDS  structures  [1],  The  accelerating 
mode  is  that  of  an  almost  constant  gradient  structure,  but 
the  resulting  transverse  mode  (predominantly  dipole  in 
character)  is  forced  to  decohere  and  the  wakefield  falls  off 
in  with  a  Gaussian  profile.  As  there  are  a  finite  number  of 
cells  then  the  wake  field  eventually  recoheres  and  for  this 
reason,  weak  damping  is  provided  via  four  manifolds  [1] 
running  along  the  axis  of  the  accelerator  If  these  wakes 
can  be  kept  small  enough  the  emittance  dilution  can  be 
kept  to  acceptable  levels,  and  this  sets  a  limit  on  the 
structure  alignment  tolerances. 

However,  we  have  found  that  BBU  occurs  when 
the  wakefield  is  relatively  well-damped  and  it  occurs  due 
to  a  single  mode  or  small  number  of  modes  which 
constitute  the  wakefield.  One  indication  as  to  whether  or 
BBU  will  occur  is  provided  by  Sc,  the  RMS  deviation  of 
the  sum  wake  from  the  mean  wake  (discussed  in  section 
3)  and  we  have  conducted  extensive  investigations  into  S„ 
as  a  function  of  the  variation  of  a  small  error  in  the  bunch 
spacing. 

For  the  excellent  damping  provided  by  an 
idealized  version  of  RRDS,  the  wakefield  is  insufficient 
for  BBU  to  occur.  The  value  of  S0,  at  the  nominal  bunch 
spacing  is  approximately  0.3  V/pC/mm/m  and  this  is  not 
expected  to  give  any  serious  instabilities.  However,  at 
0.2%  increase  in  the  bunch  spacing  there  is  a  peak  in  S„ 
(almost  double  the  value  at  the  nominal  bunch  spacing) 
and  for  this  worst  case,  we  track  [2]  the  beam  down  10  km 
of  accelerator  structures.  We  perform  a  similar  tracking 
of  particles  for  a  more  realistic  structure  with  HOM 
couplers  terminated  with  VSWR  *  land  with  the  last  and 
first  cell  of  the  structure  decoupled  from  the  manifold.  In 
this  case  SD  at  the  designed  bunch  spacing  is  0.45 
V/pC/mm/m  and  there  is  a  maximum  at  approximately  - 
0.7  %  away  from  the  nominal  bunch  spacing,  where  Sa 
reaches  0.88  V/pC/mm/mm. 

For  both  of  these  cases  we  record  the  emittance  growth 
as  the  particles  progress  down  the  linac,  and  the  vertical 
space  at  the  end  of  the  linac.  The  phase  space  is  bounded 
by  the  unit  circle  and  all  points  that  lie  within  this  circle 
are  stable.  In  Fig  1  the  idealised  RDDS  for  both  the 
vertical  and  horizontal  planes  (the  latter  being  a  factor  of 
approximately  100  times  larger  than  the  former).  In  this 
case  little  emittance  growth  is  seen  to  result  from  the  long 
range  wakefields.  Similarly,  the  vertical  displacement  of 
the  bunches  at  the  end  of  the  linac  is  small  (the  maximum 
displacement  is  approximately  0.125  pm).  Furthermore, 
a  glance  at  the  lowermost  curve  indicates  that  all  bunches 
are  well  contained  within  the  unit  circle.  Decoupling  a 
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Figure  1:  The  above  shows  the  result  of  tracking  through 
10  km  of  accelerator  a  beam  with  an  initial  bunch  offset  of 
1  pm  or  approximately  one  quarter  of  ay  (=  3.9pm)  in  the 
vertical  plane  and  1pm  in  the  horizontal  plane  (<ry  = 
35.9pm) .  Uppermost  is  shown  the  normalised  vertical 
and  horizontal  emittance  in  units  of  prad.m  (and  inset  is 
indicated  the  emittance  growth  as  a  percentage  of  the 
initial  emittance  at  injection  to  the  Xband  linacs,  for  both 
the  single  bunch  and  the  multi-bunch  cases).  In  phase 
space  we  normalise,  Y,  the  vertical  dispacement,  with 

respect  to  (Py£y)  and  Y’ with  respect  to  (ey  /  |3y ) 


Y  (norm.) 

Figure  2:  The  simulation  is  similar  to  that  of  Fig.  4  except 
that  all  of  the  structures  have  one  cell  decoupled  and  the 
HOM  couplers  have  realistic  terminations,  i.e.  frequency 
dependent  reflection  coefficients  corresponding  to  the 
transition  between  circular  and  rectangular  manifold  have 
been  included.  In  both  cases,  the  short  range  (transverse 
and  longitudinal)  wake  has  been  included  in  the 
simulations,  together  with  the  long  range  tranverse 
wakefield.  BNS  damping  of  the  short  range  wakefield 
has  been  included  in  the  simulations  by  including  a 
variation  in  the  phase  of  the  K.F.  over  the  linac. 
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single  cell  leads  to  a  quite  different  situation  and,  this  is 
shown  in  Fig  2.  Here  the  emittance  grows  significantly,  to 
about  28%  larger  than  the  injected  value  and,  as  it 
continues  to  grow  in  an  exponential  fashion,  any 
additional  length  added  to  the  linac  can  be  expected  to 
lead  to  further  emittance  growth.  The  bunches  rapidly 
are  lost  from  the  unit  circle  boundary  in  phase  space  as  a 
cumulative  mode  of  BBU  develops  within  the  linac 
(lower-most  curve  of  Fig  2). 

3.  TOLERANCE  ON  ALIGMENT  DUE  TO 
LONG  RANGE  WAKEFIELDS 

In  order  to  estimate  the  growth  of  the  projected  emittance 
Ae  of  a  train  of  bunches  caused  by  misaligned  structure 
cells  we  uses  the  following  formula  for  the  expectation 
value  of  Ae  [3] 

(Ae)  =  ^^(AS:)1-:^^-  (3.1) 

To  Tr 

where  re  is  the  classical  electron  radius,  N  is  the  number  of 
is  the  number  of  particles  in  the  bunch,  P0is  the  average 
value  of  the  beta  function  at  the  beginning  of  the  linac,  Ns 
is  the  number  of  structures  in  the  linac,  Ls  is  the  length  of 
the  structure,  y(l  and  yf  are  the  initial  and  final  relativistic 
factors  of  the  beam,  and  Sk  is  the  sum  wake.  The  quantity 
Sk  is  defined  as  a  sum  of  the  transverse  wakes  w, 
generated  by  all  bunches  preceding  the  bunch  number  k, 

»  — ^  Jr 

Sk  =  wk  and  ASkis  the  the  difference  between  Sk 
and  the  average  value  (S) ,  with  (S)  =  Nb‘  Sk ,  where 

N*  is  the  number  of  bunches.  Also,  SCT  =  ^AS^'  2.  Eq.  3.1 
is  derived  assuming  a  lattice  with  the  beta  function 
smoothly  increasing  along  the  linac  as  f)  El/2 . 

For  small  misalignments,  w,  is  a  linear  function 
of  cell  offsets,  w(  =  Wisys  which  can  be  found  from 

the  solution  of  Maxwell’s  equations  for  the  structure.  The 
matrix  Wis  for  the  NLC  structure  RDDS1  with  206  cells  is 
based  on  the  method  [4].  It  has  a  dimension  of  Nb  x  206. 
In  our  calculation  we  used  Nb=90  for  bunch  spacing  2.8 
ns. 

By  splitting  the  structure  into  k  pieces  of  length  1  =  L/k 
and  randomly  misaligning  each  piece  with  an  rms  value  of 
A  so  that  misalignments  of  different  pieces  are 
uncorrelated,  we  calculated  the  wake  and  found  the 
emittance  growth  of  the  train  of  bunches  as  a  function  of 
parameter  A .  Requirement  of  the  emittance  growth  to  be 
less  then  10%  of  the  nominal  vertical  emittance  of  the 
NLC  beam  gives  a  tolerance  for  the  amplitude  of  the 
misalignments.  This  tolerance  is  shown  in  Fig.  1  with  the 
following  linac  parameters:  beam  final  energy  -  E,=500 
GeV,  number  of  structures  in  the  linac  -  Ns  =  4720,  and 
number  of  particles  in  the  bunch  -  N  =1.1  xlO10. 


To  verify  the  accuracy  of  the  analytical  formula  (3.1) 
we  also  calculated  the  tolerances  using  the  computer 
simulation  program  LIAR  .  The  results  of  the  simulations 
are  also  shown  in  Fig.  3.  It  is  seen  that  the  analytical 
formula  generally  agrees  rather  well  with  the  simulation. 


Figure  3:  Tolerance  A  vs.  misalignment  length  1  in  units 
of  the  structure  length  Ls.  The  solid  curve  shows  the  result 
of  the  analytical  calculation  based  on  Eq.  (3.1);  dots  are 
the  tolerances  calculated  using  LIAR 

Also,  we  found  the  tolerance  for  the  structure  bow 
which  can  be  caused  by  either  structure  sagging  between 
the  support  points  under  the  influence  of  the  structure 
weight,  or  thermal  expansion  of  the  structure.  In  this 
calculation,  we  assume  that  shape  of  a  bowed  structure  is 
given  by  ys  =  y0  sin(7ts/  Ns),  and  that  the  amplitude  y0  is 
a  random  number  for  different  structures  in  the  linac.  The 
tolerance  for  this  kind  of  misalignment  is  A  =  160  pm 

4.  DISCUSSION 

In  both  scenarios  envisaged  in  Fig.  1  and  2  the  worst  case 
of  S„  is  used.  In  practice  the  structure  will  average  over 
these  errors  and  BBU  will  not  necessarily  occur  in  the 
case  of  one  cell  decoupled.  However,  additional  tracking 
for  the  case  of  4  cells  decoupled  (as  in  the  present  design 
for  RDDS  1  which  is  in  the  process  of  being  fabricated 

[5] )  BBU  will  occur  at  the  nominal  bunch  spacing.  This 
may  be  alleviated  by  direct  loading  [6]  of  the  final  few 
cells  with,  for  example,  SiC  slotted  into  the  last  4  cells. 
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Abstract 

We  present  wakefield  measurements  of  a  prototype 
Next  Linear  Collider  (NLC)  accelerator  structure  that 
was  built  with  dipole  mode  damping  and  detuning  to 
suppress  the  long-range  transverse  wakefield  induced 
by  a  beam.  In  addition,  we  describe  beam  centering 
tests  that  use  as  a  guide  the  dipole  power  coupled  out 
of  the  structure  for  damping  purposes. 

1  INTRODUCTION 

Nearly  all  designs  being  considered  for  future  linear 
colliders  employ  multibunch  operation  to  improve 
efficiency.  A  major  concern  in  these  designs  is  the 
potentially  strong  coupling  of  the  bunch  motions  from 
the  long-range  transverse  wakefields  generated  as  the 
beams  traverse  the  linac  accelerator  structures.  For  the 
NLC  X-band  (11.4  GHz)  structures,  two  methods  have 
been  developed  to  reduce  the  wakefields  to  a 
manageable  level.  One  method  is  mode  detuning 
whereby  the  frequencies  of  the  lowest  band  of  dipole 
modes  (near  15  GHz)  are  systematically  varied  along 
the  structure  to  produce  a  Gaussian  distribution  in  the 
mode  density  [1].  This  detuning  results  in  the 
destructive  interference  of  the  mode  contributions, 
yielding  an  approximately  Gaussian  falloff  in  the  net 
wakefield  generated  after  each  bunch.  The  structure 
design  parameters  are  chosen  to  produce  about  a  two 
orders  of  magnitude  reduction  by  1.4  ns,  the  minimum 
bunch  spacing  being  considered  for  the  NLC. 

This  detuning  works  well  to  suppress  the  wakefield 
for  about  the  first  30  ns,  after  which  its  amplitude 
increases  due  to  a  partial  recoherence  of  the  mode 
excitations.  This  has  led  to  the  introduction  of  weak 
mode  damping  to  offset  this  rise  [2].  The  damping  is 
achieved  through  the  addition  of  four  single-moded 
waveguides  (manifolds)  that  run  parallel  to  the  struc¬ 
ture  and  couple  to  the  cells  through  slots  (see  Fig.  1). 
When  terminated  into  matched  loads,  the  manifolds 
reduce  the  mode  Q’s  from  about  6000  to  1000,  enough 
to  keep  the  wakefield  from  significantly  increasing. 

To  date,  three  of  these  Damped  and  Detuned 
Structures  (DDS)  have  been  fabricated  [3].  The  cells 
for  the  most  recent  version,  DDS3,  were  manufactured 
at  LLNL  [4]  using  single-diamond  turning  and  then 
assembled  in  Japan  using  diffusion  bonding  [5].  This 
structure  is  1.8  m  long  and  contains  206  cells.  Relative 
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to  its  predecessors,  the  rf  match  through  the  output 
ports  of  the  manifolds  is  better.  The  improvement  came 
in  part  from  using  vacuum  waveguide  couplers  on  the 
downstream  ports  instead  of  windows.  Also,  the  dipole 
frequency  profile  was  changed  slightly  to  enhance  the 
effect  of  the  detuning.  Instead  of  a  Gaussian  profile  in 
the  mode  density,  it  was  made  in  the  product  of  the 
mode  density  and  the  mode  coupling  strengths  to  the 
beam.  In  addition,  the  sigma  of  the  frequency  distribu¬ 
tion  was  decreased  (2.5%  to  2.13%  of  15.1  GHz),  while 
the  number  of  sigma  was  increased  (4.0  to  4.78)  to 
keep  the  frequency  spread  of  the  cells  nearly  the  same. 


Fig.  1:  Cutaway  view  of  the  upstream  end  of  DDS3. 


2  WAKEFIELD  MEASUREMENTS 

To  measure  the  effect  of  the  DDS3  changes  on  the 
wakefield,  the  structure  was  installed  in  the  Accel¬ 
erator  Structure  SETup  (ASSET)  facility  which  is 
located  in  the  upstream  end  of  the  main  SLAC  Linac. 
Here  a  positron  beam  was  used  to  induce  wakefields  in 
the  structure  that  were  then  ‘witnessed’  by  an  electron 
beam.  Just  downstream  of  the  structure,  a  chicane  of 
magnets  steered  the  positrons  (drive  beam)  to  a  dump 
and  the  electrons  (witness  beam)  into  the  linac  where 
their  trajectory  was  measured.  During  the  test,  the  eight 
manifold  ports  were  connected  via  Heliax  cables  to 
processing  electronics  in  the  Klystron  Gallery  above 
the  linac  tunnel.  The  signals  were  either  measured  with 
a  spectrum  analyzer  or  downmixed  to  310  MHz  and 
digitized  to  determine  their  amplitude  and  phase.  A 
signal  from  a  nearby  stripline  BPM  served  as  the  beam 
phase  reference.  Details  of  the  wakefield  and  signal 
measurements  are  given  in  references  [6]  and  [7]. 

In  brief,  each  measurement  of  the  wakefield  ampli¬ 
tude  began  by  setting  the  relative  beam  timing  to  some 
multiple  of  the  linac  rf  period  (350  ps).  The  relative 
timing  was  then  stepped  in  3  ps  increments  to  map  the 
wakefield  over  a  few  oscillation  periods  (=  200  ps).  At 
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each  step,  the  drive  beam  position  was  moved  parallel 
to  the  structure  over  a  +/-  2  mm  range  and  the  result¬ 
ing  deflections  of  the  witness  beam  recorded.  The 
deflection  angle  per  unit  drive  offset  was  then  com¬ 
puted  and  converted  to  a  wakefield  strength.  Finally, 
the  wakefield  amplitude  was  obtained  by  fitting  the 
wakefield  strengths  to  a  sine  wave  with  a  15.1  GHz 
frequency,  which  is  the  mean  frequency  of  the  lowest 
dipole  band. 

The  results  from  35  such  measurements  over  a  200  ns 
range  are  shown  in  Fig.  2.  They  are  plotted  versus  the 
square-root  of  the  relative  beam  time  so  values  at  short 
times  are  more  discernible.  Although  the  initial  falloff 
of  the  wakefield  is  large,  it  was  expected  to  stay 
below  about  0.5  V/pC/m/mm  out  to  20  ns,  instead  of 
rising  to  values  near  4  V/pC/m/mm  as  was  observed. 
This  difference  is  likely  the  result  of  the  cell  fabrica¬ 
tion  errors  being  larger  than  the  design  tolerances.  The 
effect  of  such  errors  are  included  in  the  predictions  in 
Fig.  1,  which  were  obtained  from  an  equivalent  circuit 
model  of  the  structure  [8].  In  the  top  plot,  the  errors  are 
based  on  limited  cell  QC  measurements  made  prior  to 
the  structure  assembly.  They  are  essentially  equivalent 
to  random  cell-to-cell,  5  MHz  rms,  Gaussian  frequency 
errors,  and  are  larger  than  the  =  2  MHz  rms  design 
tolerance.  In  the  bottom  plot,  the  errors  were  increased 
to  best  match  the  wakefield  measurements,  which  re¬ 
quired  12  MHz  rms  values.  Thus,  the  actual  cell  errors 
may  be  larger  than  the  QC  results  indicated  or  more 


Fig.  2:  Horizontal  (crosses)  and  vertical  (diamonds) 
wakefield  measurements  and  predictions  (solid  lines) 
including  5  MHz  rms  cell  frequency  errors  (top)  and 
12  MHz  rms  cell  frequency  errors  (bottom). 


systematic  in  nature,  which  can  enhance  their  effect. 
The  theory  itself  has  worked  well  previously,  yielding 
predictions  in  good  agreement  with  the  DDS1  measure¬ 
ments  without  added  frequency  errors  [6]. 

The  decrease  in  the  wakefield  that  occurs  at  longer 
times  is  due  to  the  mode  damping.  In  contrast,  the 
wakefield  measured  in  a  similar  detuned-only  structure 
slowly  increases  in  time  [9],  Another  comparison  of 
note  is  the  similarity  of  the  DDS3  horizontal  and 
vertical  results  even  though  the  upstream  manifold 
ports  for  the  horizontal  modes  were  shorted  for  this  test. 
This  was  done  to  assess  the  effect  of  removing  the 
upstream  ports  in  the  future.  However,  the  lack  of  a 
significant  difference  is  not  too  surprising  since  the 
dipole  mode  power  was  expected,  and  measured,  to  go 
mainly  (99%)  to  the  downstream  ports.  Finally,  we 
note  that  the  short-range  (<  50  ps)  DDS3  wakefield 
measurements  agree  well  with  a  prediction  that 
includes  contributions  from  higher  band  modes  [10]. 

3  BEAM  CENTERING 

Although  the  manifolds  were  nominally  added  to 
damp  the  dipole  modes,  they  are  also  a  source  of 
signals  that  can  be  used  to  measure  the  beam’s 
transverse  position  in  the  structure.  Moreover,  the  beam 
coupling  to  the  modes  is  fairly  localized  (2  to  10  cells) 
so  filtering  the  signals  by  frequency  yields  the  beam 
offset  at  a  particular  location  along  the  structure.  The 
NLC  goal  is  to  use  this  signal  information  to  keep  the 
beams  centered  in  the  structures  to  about  +/-  20  pm. 

As  a  test,  data  were  taken  in  which  the  beam  was 
stepped  transversely  across  the  structure  while  the 
signal  from  a  15  MHz  slice  of  the  14-16  GHz  dipole 
spectrum  was  processed.  Figure  3  shows  data  taken  at 
15.0  GHz.  As  expected,  a  180  degree  phase  transition 
occurs  when  the  signal  power  goes  through  a  minimum. 
The  solid  lines  in  the  plots  are  fits  to  the  data:  a 
parabola  to  the  power  and  an  arctan  function  to  the 
phase.  In  each  case,  a  fit  parameter  was  included  to 
account  for  the  addition  of  an  out-of-phase  signal 
component.  The  size  of  this  component  is  conveniently 
expressed  in  terms  of  an  equivalent  beam  offset,  that 
is,  the  beam  displacement  relative  to  its  position  at 
minimum  power  that  increases  the  dipole  power  by  an 
amount  equal  to  the  out-of-phase  power.  The  phase 
data  yields  the  best  measure  of  this  offset,  5  +/-  2  pm. 
However,  values  as  large  as  100  pm  were  initially 
observed.  After  some  study,  it  was  realized  that  an  X-Z 
correlation  along  the  bunch  (a  z  =  0.7  mm)  was  the 
likely  source.  This  correlation  was  reduced  by  tuning 
the  dispersive  properties  of  the  beamline  to  decrease 
the  horizontal  bunch  width.  Thereafter,  the  measured 
offsets  were  generally  smaller  than  the  NLC  beam 
centering  tolerance,  which  is  desirable  since  it  will 
simplify  signal  processing  in  the  NLC. 

Another  parameter  obtained  from  the  fits  to  the 
dipole  signal  data  is  the  beam  position  at  the  minimum 
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Fig.  3:  15  GHz  dipole  signal  power  (pluses)  and  phase 
(circles)  versus  beam  position.  The  fits  to  the  data 
(solid  lines)  are  described  in  the  text. 


Fig.  4:  Horizontal  structure  straightness  measured  with 
a  beam  (diamonds)  and  a  CMM  (solid  line). 


signal  power.  These  values  provide  a  measure  of  the 
structure  straightness  when  plotted  versus  the  corre¬ 
sponding  points  of  origin  of  the  signals  (on  average) 
along  the  structure.  Figure  4  shows  the  horizontal 
straightness  results  that  where  derived  using  the 
frequency-to-cell  mapping  obtained  from  the  equivalent 
circuit  model  of  the  structure  [8],  Also  shown  are 
straightness  results  from  a  pre-installation  survey  of  the 
outer  surfaces  of  the  cells  (30  mm  radii)  that  was  done 
with  a  Coordinate  Measuring  Machine  (CMM).  The 
good  agreement  between  these  measurements,  and 
micron-level  local  straightness  of  the  structure,  attest 
to  the  high  precision  with  which  the  cells  were 
fabricated  and  assembled.  The  vertical  CMM  and 
beam-based  results  agree  less  well,  although  a  post-run 
survey  of  the  structure  indicates  that  it  had  vertically 
distorted  by  about  30  pm  since  the  initial  survey. 

From  the  straightness  results,  a  beam  orbit  can  be 
derived  that  should  zero  the  integrated  short-range 
transverse  wakefield  through  the  structure.  To  test  how 
well  this  can  be  achieved  in  practice,  the  ASSET  drive 
beam  was  steered  to  an  orbit  based  on  the  minimum 
dipole  power  results,  and  then  the  short-range  wake- 
field  (T  <  200  ps)  was  measured  with  the  witness 
bunch.  In  this  case,  an  absolute  wakefield  was  derived 
instead  of  one  differential  in  the  drive  beam  offset. 
For  convenience,  it  was  normalized  to  the  differential 


short-range  wakefield  amplitude  (i.e.,  the  T  =  0  point  in 
Fig.  2).  Hence,  if  the  drive  beam  was  offset  by  20  pm, 
for  example,  the  absolute  wakefield  should  essentially 
be  a  sine  wave  with  a  20  pm  amplitude.  In  reality, 
additional  components  of  wakefield  were  observed  that 
were  independent  of  the  drive  beam  position.  Figure  5 
shows  two  measurements  in  which  these  contributions 
are  apparent.  In  the  top  plot,  the  T  <  50  ps  values  are 
shifted  negative  for  data  that  otherwise  appear  consis¬ 
tent  with  a  beam  offset  of  about  40  pm.  The  shape  of 
the  added  wakefield  is  better  seen  in  the  bottom  plot 
where  the  beam  was  likely  centered  to  <  10  pm.  At 
this  level,  a  sine-like  21  GHz  component  also  becomes 
apparent.  The  T  <  50  ps  component  is  thought  to 
originate  from  wakefields  generated  upstream  of 
ASSET  since  it  was  also  observed  in  measurements  of 
a  C-Band  structure  [11].  The  origin  of  the  21  GHz 
component  is  not  known,  but  it  would  have  little 
impact  on  NLC  operation.  Despite  these  complications, 
the  attempts  to  center  the  drive  beam  generally  yielded 
offsets  <  20  pm  based  on  the  size  of  the  15.1  GHz 
component.  Thus,  these  techniques  appear  promising 
for  meeting  the  NLC  beam  centering  requirements. 


Fig.  5:  Vertical  absolute  wakefield  measurements 
made  as  part  of  the  beam  centering  tests.  The  solid 
lines  are  15.1  GHz  (top)  and  21  GHz  (bottom)  sine 
wave  fits  to  the  T  >  50  ps  data. 
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Abstract 


Each  of  the  JLC/NLC  main  linacs  will  consist  of  ~1  mil¬ 
lion  complex  3D  accelerating  cells  that  make  up  the  1.8- 
meter  Rounded  Damped  Detuned  Structures  (RDDS)  along 
its  eight  kilometer  length.  The  RDDS  is  designed  to  pro¬ 
vide  maximum  accelerating  gradient  to  the  beam  while  be¬ 
ing  able  to  suppress  the  long-range  transverse  Wakefields 
to  a  satisfactory  level.  Using  the  2D  finite  element  code, 
Omega2,  a  15%  improvement  in  shunt  impedance  is  found 
by  changing  the  basic  cell  shape  from  a  straight  cylin¬ 
der  to  a  round  outer  wall  contour  that  connects  to  slightly 
bulging  circular  disk  noses.  The  HOM  damping  manifold 
is  then  designed  around  this  optimal  cell  shape  to  improve 
the  cell-to-manifold  coupling  for  the  dipole  mode  and  the 
vacuum  conductance  under  the  frequency  and  minimal  Q- 
reduction  constraints  for  the  fundamental  mode.  We  use 
both  MAFIA  and  the  3D  finite  element  Omega3  code  for 
this  step  to  obtain  a  manifold  geometry  that  consists  of  a 
round  waveguide  with  additional  narrow  coupling  slots  that 
cut  into  the  cell  disks.  As  a  time  and  cost  saving  measure 
for  the  JLC/NLC,  the  RDDS  cell  dimensions  are  being  de¬ 
termined  through  computer  modeling  to  within  fabrication 
precision  so  that  no  tuning  may  be  needed  once  the  struc¬ 
tures  are  assembled.  At  the  X-band  operating  frequency, 
this  corresponds  to  an  error  of  a  few  microns  in  the  cell 
radius.  Such  a  level  of  resolution  requires  highly  accurate 
field  solvers  and  vast  amount  of  computer  resources.  We 
will  present  calculations  with  the  parallel  code  Omega3P 
that  utilizes  massively  parallel  computers  such  as  the  Cray 
T3E  at  NERSC.  The  numerical  results  will  be  compared 
with  coldtest  measurements  performed  on  RDDS  proto¬ 
types  that  are  diamond-turned  with  dimensions  based  on 
Omega3P  simulations. 

1  INTRODUCTION 

The  Next  Linear  Collider  (JLC/NLC)  [1, 2]  is  a  e+,  e~  ma¬ 
chine  to  provide  a  luminosity  of  1034cm~2sec-1  or  higher 
at  a  center  of  mass  of  about  1  TeV.  The  main  linacs  of  the 
NLC  use  normal-conducting  traveling-wave  copper  struc¬ 
tures  operating  at  X-band  (11.424  GHz)  frequency.  The 
accelerator  structure  will  be  1 .8  meter  in  length  and  will  be 
powered  by  75  MW  klystrons  with  pulse  compression  us¬ 
ing  Delay-Line  Distribution  Systems  (DLDS)[3J.  About 
10,000  accelerator  structures  operating  at  a  gradient  of 
about  70  MV/m  are  needed  to  obtain  the  1  TeV  center 

*  Work  supported  by  the  Department  of  Energy,  contract  DE-AC03- 
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of  mass  energy.  The  linacs  need  to  accelerate  long  bunch 
trains  of  266  ns  to  obtain  the  required  luminosity.  The  ef¬ 
ficiency  of  the  accelerator  structure  is  a  major  factor  that 
drives  the  cost  of  the  the  rf  systems  and  thus  the  linac.  The 
issues  related  to  the  long  bunch  train  acceleration  are  the 
short-  and  long-range  dipole  Wakefields  associated  emit- 
tance  dilution  and  multi-beam  breakup.  Thus,  the  design 
requirements  for  the  collider  linac  structures  are  to  maxi¬ 
mize  the  rf  efficiency  and  to  be  able  to  suppress  the  dipole 
wakefields.  There  have  been  continuous  efforts  for  the 
JLC/NLC  R&D  to  build  the  high  gradient  X-band  struc¬ 
tures.  A  number  of  X-band  structures  based  on  a  right- 
straight  cylinder  cell  profile  (DLWG  as  shown  in  Fig.  1) 
have  been  built  and  tested  [4].  With  modem  numerically 
controlled  machining,  linac  cells  which  are  spheroid  of  rev¬ 
olution  are  negligible  more  expensive  than  right  straight 
cylinders.  On  the  other  hand,  significant  cost  saving  can  be 
achieved  by  optimizing  the  structure  rf  efficiency.  With  this 
motivation,  the  cell  geometry  were  optimized  to  improve 
the  shunt  impedance.  Round  Damped  Detuned  Structure 
(RDDS)  was  designed  based  on  the  optimized  cell  profile 
to  minimize  the  long-range  dipole  wakefields  by  using  de¬ 
tuning  and  damping. 

The  structure  was  first  optimized  on  a  single  cell  level  us¬ 
ing  finite-element  code  Omega2  [5].  Then  the  dimensions 
of  the  206  cell  of  the  1.8-m  structure  were  tailored  to  de¬ 
tune  the  important  dipole  modes.  And  thirdly,  the  damping 
manifold  was  designed  using  MAFIA  [6]  and  Omega3  [7] 
around  the  detuned  structure  to  improve  the  vacuum  con¬ 
ductance  and  to  suppress  the  long-range  dipole  wakefields. 
Finally,  the  cell  dimensions  of  the  3D  RDDS  was  calcu¬ 
lated  using  parallel  code  Omega3P  [7]. 

2  CELL  PROFILE  OPTIMIZATION 

The  traveling-wave  structure  was  designed  with  a  phase 
advance  of  120°  per  cell.  A  number  of  modifications  on 
the  cell  profile  were  made  to  improve  the  shunt  impedance. 
Firstly,  the  rectangular  cylinder  cell  was  replaced  by  a  revo¬ 
lution  of  a  round  contour,  which  improves  the  Q  for  the  fun¬ 
damental  mode  by  about  10%.  Then,  the  tip  of  the  iris  was 
reshaped  to  include  a  slight  bulging  to  improve  the  R/ Q. 
The  cell  profile  of  such  a  design  is  shown  in  Fig.  1 .  The  top 
arc  of  the  cell  is  a  full  half  circle.  The  arc  connecting  the 
iris  and  the  straight  section  in  the  disk  has  the  same  radius 
as  the  top  arc.  The  peak  surface  E  field  appears  on  the 
surface  of  the  round  iris  and  is  controlled  by  the  bulging 
radius.  The  disk  thickness  t  can  be  thinner  than  in  a 
standard  DLWG  cell  to  improve  the  R/Q  without  en- 
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hancing  the  peak  surface  field.  With  the  optimized  profile, 
the  average  shunt  impedance  of  the  structure  is  about  15% 
higher  than  that  of  the  DLWG  structure.  A  comparison  of 
the  rf  parameters  of  three  representative  cells  in  the  detuned 
structure  is  shown  in  Table  2. 


Figure  1 :  Disk  loaded  waveguide  cell  shapes. 


Table  1 :  Comparison  of  DLWG  and  RDS  RF  parameters 


Cell 

Type 

D (  Mfi\ 
Kv  m  ' 

Q 

R/Q 

IF 

•C'acc 

001 

RDS 

76.9 

8300 

9260 

3.01 

DLWG 

66.7 

7344 

9219 

3.11 

103 

RDS 

90.7 

7847 

11556 

2.41 

DLWG 

79.7 

7001 

11386 

2.43 

206 

RDS 

103.5 

7463 

13866 

2.19 

DLWG 

88.8 

6621 

13413 

2.09 

3  CELL  DIMENSIONS  OF  DETUNED 
STRUCTURE 

To  suppress  the  long-range  dipole  wakefield,  the  dimen¬ 
sions  of  the  206  cells  in  the  structure  are  tailored  to  detune 
the  dipole  modes  while  maintaining  the  fundamental  mode 
frequency  at  1 1.424  GHz.  The  modes  that  have  large  con¬ 
tributions  to  the  transverse  wakefields  are  in  the  first,  the 
third  and  the  sixth  dipole  bands.  The  detuning  of  the  dipole 
modes  were  realized  by  detuning  the  iris  opening  a  for  the 
first  band,  the  disk  thickness  t  for  the  third  band,  and  the 
iris  bulging  radius  a\  for  the  six  band.  While  varying  a,  t, 
and  a\  along  the  structure  to  detune  the  dipole  modes,  the 
cell  radius  b  is  adjusted  accordingly  to  obtain  1 1.424  GHz 
for  the  fundamental  mode.  The  average  iris  radius  is  de¬ 
termined  by  the  short-range  wakefield  related  structure- 
structure  tolerance  requirements  as  aave  =  0.18A,  where  A 
is  the  rf  wave  length.  The  minimum  disk  thickness  t  is  lim¬ 
ited  to  0.75  mm  due  to  mechanical  considerations.  Among 
the  three  dipole  bands,  the  modes  in  the  first  dipole  band 
dominate  the  transverse  wakefields.  The  transverse  kick 
factors  kdn/df  of  this  band  is  detuned  in  a  Gaussian  man¬ 
ner  as  shown  in  Fig.  2,  so  that  the  dipole  wakefields  drop, 
following  a  Gaussian  profile,  by  a  factor  of  100  within  a 
distance  of  0.42  meters  due  to  de-cohere  cancellations.  The 
total  detuning  of  the  spectrum  is  1 1.25%,  in  4.75  cts,  of  the 
center  frequency  15.2  GHz.  Each  of  the  dipole  frequen¬ 
cies  in  the  spectrum  corresponds  to  one  cell  of  the  detuned 


structure.  The  third  and  sixth  dipole  bands  are  detuned  with 
a  similar  detuned  range.  The  cell  and  rf  parameter  distribu¬ 
tions  along  the  round  detuned  structure  (RDS)  are  shown 
in  Fig.  3. 


14.5  15.0  15.5  16.0 

f,  (GHz) 


Figure  2:  RDS  structure  dipole  spectrum,  kdn/df  is  the 
density  of  the  transverse  kick  factor  and  dn/df  is  the  modal 
density. 


Figure  3:  RDS  structure  cell  dimensions  and  rf  parameters. 

4  ROUND  DAMPED  DETUNED 
STRUCTURE  (RDDS) 

The  damping  manifolds  were  designed  on  top  of  the  opti¬ 
mized  round  detuned  structure.  The  goals  for  the  RDDS 
design  were  to  improve  the  longitudinal  vacuum  conduc¬ 
tance,  to  minimize  the  Q  reduction  for  the  fundamen¬ 
tal  mode,  and  to  obtain  adequate  coupling  for  the  dipole 
modes.  As  compared  with  the  DDS1  [8],  a  number  of 
new  features  were  incorporated  into  the  RDDS  as  shown 
in  Fig.  4:  firstly  the  rectangular  manifold  is  replaced  by 
a  round  manifold  to  maximize  vacuum  conductance,  sec¬ 
ondly  narrow  slots  cutting  into  the  disk  are  added  to  en¬ 
hance  the  dipole  mode  coupling,  and  finally  wide  slots  were 
added  to  raise  the  cutoff  of  the  manifold  mode  (eliminat¬ 
ing  the  ridged  waveguide  effect  due  to  only  a  narrow  slot), 
which  allows  a  large  round  manifold  and  further  improves 
the  vacuum.  The  manifold  dimensions  were  designed  to 
cutoff  frequencies  bellow  12  GHz  to  avoid  coupling  to  the 
fundamental  mode.  The  narrow  slot  width  is  chosen  to  be 
1.5  mm  to  minimize  the  effect  on  the  fundamental  mode. 
The  longitudinal  dimension  of  the  wide  slot  is  6  mm.  The 
width  of  the  wide  slot  is  optimized  to  minimize  the  Qo 
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reduction  of  the  fundamental  mode  due  to  the  slot  open¬ 
ings.  Fig.  5  shows  the  rf  parameters  as  functions  of  the 
wide  slot  width.  A  3  mm  wide  slot  was  adopted  for  the 
current  RDDS.  The  Qo  reduction  with  such  a  design  is  less 
than  1%.  The  vacuum  conductance  of  the  RDDS  structure 
is  over  4  times  better  than  a  pure  detuned  structure.  An  ap¬ 
preciable  dipole  coupling  was  obtained  with  a  3  mm  narrow 
slot  depth,  however  the  final  narrow  slot  depth  will  be  de¬ 
termined  by  the  damping  requirements  for  the  long-range 
wakefields  [9], 


grid  using  48  processors  on  the  NERSC  T3E  parallel  su¬ 
percomputer  is  less  than  half  an  hour.  Fig.  7  shows  the 
Omega3P  results  for  the  frequency  shift  due  to  the  damp¬ 
ing  manifolds.  The  cell  dimensions  were  adjusted  based 
on  these  frequency  shifts.  The  cell  dimensions  obtained  by 
using  Omega3P  is  within  a  couple  of  microns  accuracy  as 
compared  with  the  coldtest  results.  The  accuracy  and  turn¬ 
around  time  for  modeling  such  a  complicated  geometry  are 
unprecedented.  Further  improvement  in  accuracy  can  be 
achieved  by  reducing  the  element  size  in  the  model. 


Figure  4:  Damped  RDDS  structure  cell. 


Figure  6:  Finite  element  mesh  for  modeling  RDDS  using 
Omega3p. 


Figure  5:  Optimization  of  wide-slot  width  for  the  RDDS. 
The  length  of  the  wide-slot  is  6  mm  and  the  depth  of  the 
narrow-slot  is  3  mm  in  the  simulations.  The  vacuum  is 
estimated  for  one  meter  uniform  RDDS  with  cell-206 
parameters. 

5  RDDS  DIMENSION  CALCULATION 

A  time  and  cost  saving  approach  to  determine  the  3D 
RDDS  dimensions  is  through  computer  modeling.  The 
frequency  tolerance  on  the  fundamental  mode  of  the  X- 
band  structure  is  about  1  MHz  in  order  to  maintain  a  bet¬ 
ter  than  98%  acceleration  efficiency  in  the  structure.  At  the 
1 1 .424  GHz,  this  tolerance  corresponds  to  a  few  microns  in 
the  cell  dimensions.  To  model  the  RDDS  with  such  an  ac¬ 
curacy,  vast  computer  resources  and  accurate  field  solvers 
are  required.  This  paper  is  the  first  attempt  to  use  the  newly 
devolved  finite-element  parallel  code  Omega3P  to  design 
the  RDDS  to  an  accuracy  comparable  to  the  hardware  ma¬ 
chining  tolerance.  The  finite-element  mesh  to  model  the 
RDDS  cell  is  as  shown  in  Fig.  6,  which  has  about  one  mil¬ 
lion  degrees  of  freedom.  The  typical  run  time  on  such  a 


#  cell 


Figure  7:  Frequency  shift  due  to  the  damping  slots. 
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Abstract 

The  low  frequency  rf  linacs  and  bunch  compressors  in  the 
NLC  are  heavily  loaded  by  beam  currents  up  to  0.9  A. 
Beam  loading  generates  bunch-to-bunch  energy  deviations, 
which  need  to  be  compensated  to  operate  with  long  bunch 
trains  in  the  linear  collider.  There  are  two  basic  compen¬ 
sation  techniques,  namely  AT  and  A F  schemes.  The  A F 
scheme  is  operationally  straightforward  but  requires  addi¬ 
tional  rf  systems  which  are  powered  at  slightly  different 
frequencies.  In  contrast,  the  AT  scheme  does  not  require 
any  additional  rf  and  is  thus  expected  to  be  less  expen¬ 
sive.  Here,  the  loading  compensation  is  realized  by  early 
injection  combined  with  rf  phase  and  amplitude  modula¬ 
tion.  The  phase/amplitude  modulation  is  performed  with 
fast  phase  shifters  at  low  rf  power  before  amplification  by 
the  klystrons.  With  combined  phase  and  amplitude  modu¬ 
lation,  the  AT  scheme  can  be  applied  to  both  the  accelera¬ 
tor  and  compressor  linacs.  In  this  paper,  we  present  simu¬ 
lations  of  the  AT  compensation  scheme  for  the  NLC  low  rf 
accelerator  and  compressor  linacs.  We  discuss  different  rf 
configurations  using  the  AT  scheme  as  well  as  some  issues 
related  to  phase/amplitude  modulations  in  such  layouts. 

1  INTRODUCTION 

The  Next  Linear  Collider  (NLC)  is  an  e+e”  collider  based 
on  “high-frequency”  X-band  (1 1.4  GHz)  rf  power.  The  col¬ 
lider  will  be  capable  of  achieving  a  luminosity  in  excess  of 
1034cm~2sec-1  at  a  center-of-mass  energy  of  1  TeV  [1,2] 
and  will  have  the  capability  to  be  expanded  to  1.5  TeV. 

The  e+  and  e~  injector  complex  for  the  NLC  produces 
the  low  emittance  bunch  trains  to  be  accelerated  in  the  X- 
band  linacs.  The  complex  includes  six  L-band  (1 .428  GHz) 
and  four  S-band  (2.856  GHz)  linacs  and  compressors,  listed 
in  Table  1,  which  accelerate  the  beams  to  10  GeV  and  oper¬ 
ate  heavily  beam-loaded.  All  these  “low-frequency”  linacs 
will  be  powered  with  klystrons  using  SLED-I  rf  pulse  com¬ 
pression  systems  [3].  In  a  SLED-I  pulse  compression  sys¬ 
tem,  the  SLED  cavities  are  charged  by  a  long  klystron 
pulse.  The  stored  energy  is  then  extracted  by  reversing  the 
klystron  phase  and,  for  typical  parameters,  power  gains  of 
roughly  3-4  can  be  attained. 

A  typical  SLED-I  output  is  shown  in  Fig.  la.  The  power 
of  the  pulse  has  a  maximum  immediately  after  the  klystron 
phase  reversal  and  then  decays  exponentially.  The  acceler¬ 
ation  voltage  generated  by  such  a  pulse  in  a  traveling  wave 

*  Work  supported  by  the  DOE,  contract  DE-AC03-76SF00515. 
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structure  is  shown  in  Fig.  16.  The  acceleration  reaches 
maximum  after  a  structure  fill-time,  and  then  decreases  due 
to  the  drooping  rf  power  input.  The  loaded  voltage  seen 
by  the  bunch  train  is  the  sum  of  the  rf  voltage  and  the 
beam  loading  voltage  and  is  generally  not  constant  along 
the  bunch  train;  it  depends  on  the  structure,  klystron,  and 
beam  parameters.  The  energy  deviation  along  the  train  will 
have  a  direct  impact  on  beam  transport  and  luminosity  of 
the  collider  and  thus  compensating  the  energy  deviation  is 
a  critical  requirement  in  the  linear  collider  design. 


Table  1:  NLC  Low  rf  frequency  linacs 


Linac 

Freq* 

E 

(GeV) 

Qb 

(io10) 

I 

(A) 

BLC 

e+  capture 

L(l) 

0.250 

7.9 

4.5 

A  F 

e+  booster 

L(l) 

1.75 

1.6 

0.91 

AT 

e+  drive 

S(l) 

6.0 

1.45 

0.83 

AT 

e~  booster 

S(l) 

1.98 

1.45 

0.83 

AT 

e-,e+  pre 

S(2) 

8.0 

1.15 

0.66 

AT 

EC,BC1 

L(2x2) 

~0.1 

1.45 

0.83 

AT 

Figure  1 :  The  pulse  profile  of  a  SLED-I  system  and  the  ac¬ 
celeration  and  beam  voltages  generated  by  a  traveling  wave 
structure,  a)  SLED-I  amplitude;  b)  generator  and  beam  in¬ 
duced  voltages. 


2  BEAM  LOADING  COMPENSATION 

In  the  SLED-I  driven  systems,  both  the  acceleration  and 
beam  loading  voltages  are  transient.  The  goal  of  compensa¬ 
tion  is  to  obtain  a  uniform  loaded  voltage.  In  the  following 
sections  we  will  describe  the  AT  and  A F  compensation 
schemes. 


2.1  AF  scheme 

The  beam  voltage  is  compensated  using  additional  rf  struc¬ 
tures  operating  at  slightly  different  frequencies.  The 
bunches  in  a  bunch  train  are  accelerated  on  different  rf 
phases  in  these  structures  and  the  compensation  that  can 
be  attained  is  proportional  to  the  frequency  difference  A  F. 
However,  to  maintain  a  roughly  linear  compensation  along 
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the  train,  the  frequency  difference  A F  is  limited  by  the 
bunch  train  length.  For  the  NLC  bunch  train,  A F  should 
not  be  more  than  a  couple  of  MHz. 

The  advantage  of  the  A F  scheme  is  that  it  is  quite  flex¬ 
ible.  The  input  power  to  the  compensation  structures  can 
be  scaled  to  compensate  different  beam  loading  conditions. 
However,  the  disadvantages  of  the  A  F  scheme  are  the  extra 
off-frequency  rf  systems  required  and  the  non-local  correc¬ 
tion  since  the  compensation  sections  are  distributed  along 
the  linac.  Finally,  the  residual  energy  spread  in  this  scheme 
is  proportional  to  A  F2,  and  it  adds  in  phase  throughout  the 
linac  regardless  of  the  sign  of  A  F. 

2.2  AT  scheme 

The  AT  compensation  scheme  uses  the  “natural”  rising 
slope  of  the  acceleration  voltage  as  the  structure  fills  to 
cancel  the  beam  loading  voltage.  Complete  cancellation 
requires,  during  the  beam  time, 

dVacc  _  dVb 

dt  ~  ~~dt  (  ’ 

The  profile  of  the  acceleration  voltage,  Fig.  1,  shows  that 
the  rising  slope  of  the  acceleration  voltage  decreases  with 
time.  This  indicates  that  for  a  given  beam  loading  current, 
there  is  an  optimal  fill-time  for  the  structure  such  that  con¬ 
dition  Eq.  (1)  is  satisfied.  For  the  AT  scheme  to  operate 
efficiently,  the  optimal  fill-time  of  the  structure  should  be 
much  longer  than  the  bunch  train  length.  At  very  high  beam 
currents,  the  efficiency  of  the  AT  scheme  can  be  poor  due 
to  short  optimal  fill-times — in  such  cases,  the  A F  scheme 
should  be  considered. 

There  are  number  of  advantages  of  the  AT  scheme. 
First,  the  scheme  does  not  require  additional  rf  systems. 
Second,  the  compensation  is  local  and  the  energy  devia¬ 
tion  is  minimized  at  the  end  of  every  structure.  Finally, 
the  residual  error  of  the  compensation  is  uncorrelated  and 
does  not  accumulate.  However,  the  structure  design  for  op¬ 
timal  compensation  is  tightly  coupled  to  the  beam  and  rf 
parameters.  Once  the  structure  is  optimized  for  a  given  cur¬ 
rent,  the  compensation  at  other  loading  conditions  will  not 
be  perfect.  To  compensate  at  different  loading  conditions, 
amplitude  modulation  of  the  SLED-I  pulse  is  needed  to  re¬ 
shape  the  acceleration  profile.  Similarly,  in  the  compressor 
linacs  where  the  beam  loading  voltage  is  90°  out-of-phase 
with  the  acceleration  voltage,  phase  modulation  is  needed 
to  produce  a  component  in  phase  with  the  loading  voltage. 
Amplitude  modulation  is  also  required  to  obtain  a  flat  com¬ 
pression  voltage. 

3  BEAM  LOADING  COMPENSATION  IN 
THE  S-BAND  ACCELERATORS 

All  the  S-band  linacs  will  use  the  same  structure  design  [4]. 
The  parameters  of  the  structure  are  optimized  for  the  max¬ 
imum  pre-linac  beam  current  since  the  8  GeV  pre-linacs 
constitute  more  than  60%  of  total  S-band  acceleration.  The 


S-band  klystrons  are  assumed  to  produce  66  MW  of  power 
in  a  5  [is  pulse,  similar  to  the  SLAC  5045  klystrons.  The 
SLED-I  cavity  is  assumed  have  an  external  Qext  =  2x  104 
with  a  coupling  constant  /?  =  5  yielding  a  compression  fac¬ 
tor  of  approximately  four. 

3.1  AT  scheme  for  the  e+  drive  and  pre linacs 

A  power  station  consists  of  a  pair  of  klystrons,  each  feed¬ 
ing  a  SLED-I  system  [5].  The  SLEDed  rf  power  from 
the  klystron  pair  is  combined  and  powers  six  4-meter  ac¬ 
celerator  structures.  With  the  pre-linac  beam  parameters, 
the  optimal  fill-time  is  625  ns.  The  SLED-I  pulse  profile 
and  the  energy  profile  of  the  beam  for  the  pre-linac  com¬ 
pensation  are  shown  in  Fig.  2(a)  yielding  a  loaded  gra¬ 
dient  of  17  MV/m.  The  best  energy  deviation  using  the 
SLED  pulse  alone  is  4  x  10-3.  This  can  be  further  min¬ 
imized  with  a  slight  amplitude  modulation  yielding  better 
than  1.3  x  10-3. 


0.0  0.3  0.6  0.0  0.3  0.6 

t  (jis)  1 0‘S) 

(a)  (b) 

Figure  2:  a)  Compensation  for  the  S-band  pre-linacs.  The 
SLED-I  amplitude  can  be  modulated  to  further  reduce  en¬ 
ergy  spread,  b)  Compensation  for  the  e~  booster  linac. 
Amplitude  modulation  is  needed  to  enhance  the  slope  of 
the  acceleration. 

3.2  AT  scheme  for  the  e~  booster 

The  beam  current  in  the  e~  booster  linac  is  25%  higher 
than  in  the  pre-linacs.  Since  the  structure  is  optimized 
for  the  pre-linacs,  amplitude  modulation  is  necessary  to 
compensate  the  loading  in  the  booster.  Fig.  2(b)  shows 
the  SLED-I  pulse  and  the  compensated  energy  deviation 
in  the  e~  booster.  The  loaded  gradient  in  the  e~  booster 
is  15.3  MV/m  and  the  residual  energy  deviation  is  about 
0.5  x  10~3. 

4  BEAM  LOADING  COMPENSATION  IN 
THE  L-BAND  ACCELERATORS 

The  four  L-band  linacs  will  use  a  5-meter  structure  opti¬ 
mized  for  the  e+  booster  linac  [4],  The  L-band  klystrons 
are  assumed  to  produce  a  peak  power  of  75  MW  at  a  pulse 
length  of  5.5  [is.  The  SLED-I  cavities  are  simply  scaled 
from  the  the  S-band  SLED  systems. 
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4.1  AT  scheme  for  the  e+  booster 

An  accelerator  module  for  the  e+  booster  lindc  consists  of 
six  structures  powered  by  a  pair  of  SLEDed  klystrons.  The 
optimal  fill-time  obtained  for  AT  compensation  is  1010  ns 
yielding  a  loaded  gradient  of  13  MV/m.  Without  additional 
amplitude  modulation,  the  minimum  energy  deviation  is 
1  x  10~3.  Figure  3(a)  illustrates  the  energy  profiles  for 
the  e+  booster. 

4.2  A F  scheme  for  the  e+  capture 

In  the  e+  capture  section,  the  beam  loading  is  too  large  to 
be  compensated  with  the  AT  method  alone.  Additional 
compensation  is  performed  using  the  A F  scheme.  The 
capture  linac  consists  of  four  5-meter  accelerator  structures 
and  two  A F  structures  operating  at  1428±  1 .14  MHz.  Each 
A F  structure  is  driven  by  a  single  klystron  at  50  MW  of 
peak  power  with  SLED-I  pulse  compression  and  the  loaded 
gradient  in  the  capture  is  about  12.7  MV/m.  The  residual 
energy  deviation  is  about  1  x  10~2  as  shown  in  Fig.  3(b). 


0.6  0.8  1.0 
t(/JS) 


Figure  3:  Compensation  in  the  L-band  e+  booster  and  cap¬ 
ture  linacs.  The  fill-time  is  optimized  for  the  booster  linac 
with  AT  compensation.  Extra  beam  loading  in  the  cap¬ 
ture  linac  due  to  higher  current  is  compensated  by  using 
the  A F  scheme.  Loaded  gradients  for  both  linacs  are  about 
13  MV/m.  No  amplitude  modulation  on  SLED-I. 

4.3  AT  scheme  for  the  compressors 

A  module  of  two  (or  three)  5-meter  structures  would  be 
sufficient  to  generate  the  voltage  (~  100  MV)  in  the  com¬ 
pressors.  In  these  systems,  both  the  amplitude  and  phase 
are  modulated  to  obtain  a  uniform  compression  (amplitude) 
and  loading  compensation  (phase).  The  SLED  amplitude 
and  phase  profiles  required  for  the  compressor  are  shown  in 
Fig.  4  and  the  energy  deviation  obtained  is  0.11  /Eo,  where 
Eq  is  the  energy  of  the  beam  in  the  compressor.  The  com¬ 
pression  voltage  is  within  1%  deviation.  One  of  the  issues 
with  the  AT  compensation  for  the  compressor  linac  is  the 


0.0  02  0.4  0.6  0.8  1.0 
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Figure  4:  Compensation  for  the  L-band  compressor  linacs: 
loaded  gradient:  13  MV/m;  energy  deviation:  0.11/ Eo- 
Both  amplitude  and  phase  are  modulated  to  compensate  the 
beam  loading  and  compression  voltages. 

frequency  offset  induced  by  the  phase  modulation.  Simu¬ 
lation  shows  that  the  A F  induced  by  the  phase  modulation 
is  small  in  the  SLED-I  output,  thus  the  effect  of  this  fre¬ 
quency  offset  is  expected  to  be  small. 

5  SUMMARY 

The  AT  scheme  has  been  shown  to  be  effective  in  the 
NLC  low  rf  frequency  linacs,  except  for  the  e+  capture 
linac  where  A F  scheme  is  required.  Once  optimized  for 
the  nominal  beam  current,  the  AT  scheme  can  be  used 
to  compensate  at  different  beam  loading  regimes,  such  as 
the  beam  loading  in  the  e~  booster,  with  proper  amplitude 
modulations  on  the  SLED-I  pulse.  Similarly,  the  scheme 
is  applicable  to  these  linacs  when  operating  at  “zero”  beam 
current.  In  the  future,  we  need  to  calculate  the  tuning  toler¬ 
ances  and  verify  that  the  dispersive  effects  are  minimal. 
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Abstract 

In  the  present  Next  Linear  Collider  (NLC)  design,  S  and 
L-band  linacs  are  used  to  accelerate  the  beams  to  10  GeV, 
where  they  are  injected  into  the  main  X-band  linacs.  As  in¬ 
jectors  for  the  main  accelerator,  these  linacs  are  required  to 
deliver  clean  beams  while  being  reliable  and  cost  effective. 
These  requirements  set  stringent  tolerances  on  the  design  of 
the  accelerators.  There  are  two  types  of  misalignment  tol¬ 
erances  that  are  of  great  concern:  cell-to-cell  and  structure- 
to-structure  tolerances,  which  are  dominated  by  long-  and 
short-range  wakefield  effects,  respectively.  For  a  given  lat¬ 
tice  design,  the  structure-to-structure  tolerance  (which  has 
strong  impacts  on  girder  configurations)  is  mainly  deter¬ 
mined  by  the  global  parameters  such  as  the  average  iris 
size,  the  length  and  the  type  of  the  structure.  This  paper 
will  discuss  the  optimization  of  the  structure  parameters  to 
allow  looser  structure-to-structure  tolerances;  the  cell-to- 
cell  tolerance  is  related  to  the  details  of  the  single  structure 
design  and  will  not  be  addressed  here.  The  optimization 
described  here  was  based  on  a  cost  model  for  NLC  and  a 
wakefield  scaling  law  for  the  tolerance  estimations. 

1  INTRODUCTION 

The  Next  Linear  Collider  (NLC)  is  a  e+  —  e~  linear  col¬ 
lider  that  will  be  used  to  probe  the  physics  phenomena  at 
a  center  of  mass  around  1  TeV  [1,2].  The  main  linacs  of 
this  collider  are  based  on  X-band  rf  (11.424  GHz)  tech¬ 
nology.  In  the  injector  which  accelerates  the  e+  and  e~ 
beams  to  10  GeV,  the  beams  are  accelerated  in  lower  fre¬ 
quency  linacs  operating  at  the  L-band  (1.428  GHz)  and  S- 
band  (2.856  GHz).  There  are  a  total  of  ten  low  frequency 
linacs  in  the  injector  system  which  are  listed  in  Table  1; 
a  detailed  discussion  of  the  NLC  injector  systems  is  pre¬ 
sented  in  Ref.  [3]. 


Table  1:  NLC  low  frequency  linacs 


Linacs 

rf 

N 

E  (GeV) 

Q(xl0iue) 

1(A) 

e+  capture 

L 

1 

0.25 

7.8 

4.5 

e+  booster 

L 

1 

1.75 

1.6 

0.91 

e+  drive 

S 

1 

6 

1.45 

0.83 

e~  booster 

S 

1 

1.9 

1.45 

0.83 

pre-linacs 

S 

2 

8 

1.15 

0.66 

EC 

L 

2 

0.1 

1.45 

0.83 

BC1 

L 

2 

0.1 

1.45 

0.83 
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Because  of  differences  in  the  beam  parameters  in  these 
linacs,  the  issues  concerning  the  accelerator  design  are  also 
quite  different.  In  the  L-band  e+  capture  and  booster  linacs, 
the  beam  has  a  large  emittance  and  energy  spread  and  the 
primary  issue  is  the  aperture.  A  larger  aperture  in  the  struc¬ 
ture  allows  larger  beta  functions,  easing  the  strength  and 
the  tolerance  requirements  on  the  quadrupole  magnets. 

In  the  S-band  pre-linacs,  the  beam  emittance  is  small 
and  the  bunch  length  is  short.  The  primary  issues  here 
are  the  emittance  degradation  and  multi-bunch  BBU  as¬ 
sociated  with  the  long-  and  short-range  Wakefields  in  the 
structure.  The  tight  emittance  dilution  and  BBU  require¬ 
ments  set  stringent  limits  on  the  structure  tolerances.  The 
short-range  Wakefields,  which  are  related  to  the  average  pa¬ 
rameters  of  a  structure,  dominate  the  structure-to-structure 
tolerances,  while  the  long-range  Wakefields,  which  are  re¬ 
lated  to  the  details  of  the  structure  design,  control  the  cell- 
to-cell  tolerance  of  a  structure.  This  paper  will  focus  on  the 
structure-to-structure  tolerance  associated  with  the  short- 
range  wakefields. 

The  beam  loading  voltage  in  these  linacs  will  be  com¬ 
pensated  by  using  the  AT  scheme  [4],  except  in  the  e+ 
capture  where  the  beam  current  is  extremely  high  and  the 
A F  scheme  is  used.  With  the  AT  scheme,  the  structure 
design  is  tightly  coupled  to  the  beam  loading  conditions. 
Both  the  L-  and  S-band  linacs  will  have  a  single  structure 
design  for  all  the  corresponding  linacs.  We  have  optimized 
the  L-band  structure  for  the  e+  booster  parameters  while 
the  S-band  structure  was  optimized  for  the  pre-linac  pa¬ 
rameters. 

2  S-BAND  LINACS 

Both  the  structure  tolerance  requirements  and  the  cost  of 
the  S-band  linacs  are  dominated  by  the  pre-linacs  and  thus 
the  structure  optimization  is  based  on  the  pre-linac  param¬ 
eters.  The  cost  and  tolerance  models  we  used  are  similar  to 
the  ones  used  for  the  ZDR  [1]  cost  and  tolerance  calcula¬ 
tions. 


2.1  Cost  estimation 

A  simple  cost  model,  Eq.  (1),  is  used  to  estimate  the  cost 
of  the  pre-linacs. 


Cost  — 

Ns{S3  +  Sfcpm) 

+ 

NsMs(Qq  4  Qps  4-  Qbpm ) 

+ 

NMNk(Kk  4  krf) 

(i) 

+ 

Nm(PsLED  +  P-wg  4  Pphase 

4  P moduli 
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+ 

*4" 


NSL 

Sf 

NSL 

Sf 


( Ftunnel  4*  P alcove) 

typipe  4"  Vrf) 


where  the  cost  of  the  parts  are 


Ss  ,  Sbpm 
Qqi  Qps,  Qbpm 
Kk,Krf 
Ps LED,  P'1 


wg, 


Pph  asei  Rmodul 
F tunnel  ■  Falcone 
Vpipe  i  Frj 


structure,  structure  BPM 

quad,  quad  power  supply,  quad  BPM 

klystron,  klystron  rf  drive 

SLED-I  system,  waveguide, 

phase  control,  modulator 

tunnel  and  alcove 

vacuum  pipe  and  rf 


Ns,  Nm  are  the  total  number  of  structures  and  modules 
respectively.  A  10%  overhead  is  assumed  in  the  number  of 
modules  for  the  linacs.  Nk  is  the  number  of  klystrons  per 
module  (Nk  =  2  for  AT  compensation  scheme)  and  Ms 
is  the  number  of  quads  per  structure;  the  focusing  in  the 
pre-linacs  is  provided  with  the  FODO  lattices.  Finally,  5 / 
is  the  filling  factor  of  the  accelerator  structures  in  the  linac 
which  is  assumed  to  be  80%. 

In  the  calculation,  we  assumed  that  the  structure  cost  is 
dominated  by  the  assembly  and  coupler  costs  and  thus  the 
cost  of  the  linacs  scales  with  the  number  of  structures  and 
not  the  structure  length.  All  cost  estimations  were  scaled  to 
a  linac  design  based  on  a  3-meter  SLAC-type  accelerator 
structure. 


2.2  Structure-to-structure  tolerance 

The  structure-to-structure  tolerance  is  associated  with  the 
short-range  wakefield  effects  of  the  structure  which  de¬ 
pends  mainly  on  the  average  parameters  of  the  structure, 
e.g.  the  average  aperture  and  length.  To  the  lowest  order, 
the  short-range  wakefield  scales  as  the  4th  power  of  the  av¬ 
erage  iris  radius.  Assuming  the  /?  functions  are  scaled  with 
the  structure  length,  the  structure-to-structure  tolerance  is 
proportional  to 

a4 

ytoi  oc  - —  (2) 

Ltacc 

where  a  is  the  average  iris  radius  and  LaCc  is  the  total  net 
accelerator  length. 


2.3  Length  vs  structure -structure  tolerance 

In  a  constant  gradient  traveling  wave  structure,  the  un¬ 
loaded  acceleration  voltage  of  a  accelerator  section  is 

V  =  yJPinRL{  1  -  e-2r)  (3) 


and  the  transient  beam  loading  voltage  (0  <  t  <  tf)  is 


Vbeam  — 


RI0L 


2(1  -e-2r) 


1  -e~s  - 


we 


-It 


Q 


-t 


(4) 


where  L  is  the  structure  length,  R  is  the  shunt  impedance 
per  unit  length,  tf  is  the  filling  time,  and  t  =  tut f  /2 Q  is 


the  attenuation  constant.  With  the  same  r  (or  t /)  factor,  the 
acceleration  and  beam  loading  voltages  are  proportional  to 
\/ RL  and  RL  (or  \fRvg  and  Rgv,  vg  =  L/tf )  respec¬ 
tively.  Since  vg  has  a  stronger  dependence  on  the  iris  radius 
than  R,  the  rf  efficiency  is  higher  in  a  longer  structure. 

The  group  velocity  of  a  traveling  wave  structure  scales 
approximately  as  a3.  The  structure-to-structure  tolerance 
then  scales  as 


where  L/Lacc  represents  the  rf  efficiency  of  the  linac.  It 
is  clear  that  the  gain  in  tolerance  with  a  longer  structure 
length  comes  from  the  gain  in  rf  efficiency,  filling  time 
change  due  to  change  in  beam  loading,  and  the  lengthen¬ 
ing  of  the  structure. 

The  3-  and  4-meter  SLAC-type  structures  (DLWG)  were 
simulated  to  study  the  cost  and  tolerance  dependences  on 
the  structure  length.  Results  for  the  two  cases  are  shown  in 
the  first  two  rows  in  Table  3.  It  is  clear  that  a  longer  struc¬ 
ture  is  beneficial  for  both  the  rf  efficiency  and  the  structure- 
to-structure  tolerance.  Fewer  modules  are  needed  in  the 
4-meter  design  as  a  result  of  a  better  rf  efficiency  which 
results  in  saving  about  8%  in  rf  power.  The  optimal  fill¬ 
ing  time  for  the  4-meter  design  is  625  ns,  slightly  shorter 
than  the  665  ns  for  the  3-meter  design  due  to  a  stronger 
beam  loading  and  the  structure-to-structure  tolerance  is  im¬ 
proved  by  about  30%.  Additional  increases  in  the  structure 
length  may  further  improve  the  efficiency  and  tolerances, 
however,  such  a  long  structure  is  thought  to  be  significantly 
more  difficult  to  manufacture. 

2.4  Cell  profile  optimization 

In  the  X-band  main  linac  design,  the  shunt  impedance 
was  optimized  to  improve  the  rf  efficiency  by  shaping  the 
cell  geometry.  A  round  cell  contour  (RDS)  was  obtained 
as  shown  in  Fig.  1,  which  gives  about  15%  better  shunt 
impedance  as  compared  to  the  standard  DLWG.  The  opti¬ 
mized  RDS  cell  profile  can  be  used  in  the  S-band  design  for 
the  same  purpose.  Alternatively,  one  can  use  the  RDS  de¬ 
sign  to  improve  the  structure  tolerance  by  further  opening 
the  iris  while  maintaining  the  same  rf  efficiency.  Table  2 
shows  a  comparison  between  the  DLWG  and  RDS  param¬ 
eters  for  a  S-band  cell. 


Figure  1 :  Traveling  wave  structure  cell  profiles:  DLWG) 
standard;  RTOP)  round  top;  RDS)  round  contour. 
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Table  2:  A  comparison  between  DLWG  and  RDS  cells 


Type 

a  (mm) 

R  (MQ/m) 

vjc 

DLWG 

13 

54.0 

0.0195 

RDS 

14 

54.0 

0.0190 

For  the  same  R  and  vg,  the  RDS  cell  yields  a  much  larger 
iris  size.  Since  the  structure  tolerance  scales  as  the  4th 
power  of  the  iris  radius,  the  RDS  design  will  further  re¬ 
lax  the  structure-to-structure  tolerance.  The  third  row  in 
Table  3  shows  the  result  for  a  4-meter  RDS  design.  The 
tolerance  is  about  25%  better  than  the  4-meter  DLWG  case. 
The  rf  efficiencies  and  costs  are  comparable. 


Table  3:  Comparison  of  the  S-band  DLWG  and  RDS  struc- 
tures.  *)  4-structure/module;  **)  6-structure/module. 


Type 

L(m) 

N module 

Cost 

fl««(mm) 

tol 

DLWG* 

3.0 

27 

1.0 

12.85 

1.00 

DLWG* 

4.0 

25 

1.0 

14.69 

1.29 

RDS* 

4.0 

25 

1.0 

15.40 

1.53 

RDS** 

4.0 

22 

1.09 

15.72 

1.43 

The  results  shown  in  the  first  three  rows  of  Table  3  are 
for  linacs  with  a  4-structure  per  module  configuration.  The 
loaded  gradient  in  these  cases  is  about  22  MV/m.  A  lower 
gradient  design  of  17  MV/m  has  been  consider  for  the  NLC 
S-band  linacs.  The  low  gradient  design  uses  the  same  RDS 
4-meter  structures  but  one  rf  power  station  will  power  a 
module  of  six  structures  instead  of  four.  The  results  of  the 
low  gradient  design  are  shown  in  the  last  row  of  Table  3. 
Due  to  the  longer  linac  length,  the  tolerance  is  slightly 
tighter  and  the  cost  is  slightly  higher  however  the  overall 
tolerance  improvement  is  still  >  40%  compared  to  the  3- 
meter  DLWG  design. 

3  L-BAND  LINACS 

The  beam  emittance  and  energy  spread  are  large  in  the  L- 
band  capture  and  booster  linacs.  Strong  focusing  lattice  are 
required  for  these  linacs  to  control  the  beam  size.  A  larger 
aperture  in  the  structure  would  allow  larger  beta  functions, 
which  would  relax  the  tolerances  on  the  focusing  magnets. 
The  structure  alignment  tolerances  are  loose  in  these  linacs 
and  thus  the  design  goal  for  the  L-band  structures  is  simply 
to  maximize  the  structure  aperture. 

A  length  of  5  meters  is  considered  for  the  L-band  struc¬ 
ture.  There  is  not  a  strong  argument  to  use  the  RDS  design 
in  the  L-band  design.  The  studies  in  this  paper  are  based 
on  the  RTOP  cell  profile,  shown  in  Fig.  1,  however,  the 
results  are  applicable  to  a  DLWG  design,  with  minor  mod¬ 
ifications. 

The  L-band  structure  is  optimized  for  the  e+  booster 
beam  current.  A  booster  module  consists  of  six  5-meter 
structures.  Table  4  shows  a  list  of  L-band  structures  with 


different  cell  disk  thicknesses.  The  dipole  mode  detun¬ 
ing  AFi ,  which  is  determined  by  the  long-range  wakefield 
properties,  also  impacts  the  aperture,  Because  the  linac  will 

Table  4:  5-meter  L-band  structure  with  RTOP  cell  profiles 


T 

AFi 

timin 

bmax 

Gl 

(mm) 

(%) 

(mm) 

(mm) 

(MV/m) 

12 

3 

23.51 

89.83 

13.1 

12 

5 

22.43 

90.29 

15 

3 

24.37 

90.08 

12.92 

15 

5 

23.13 

90.52 

18 

3 

25.19 

90.40 

12.46 

18 

5 

24.24 

91.00 

be  constructed  from  an  integer  number  of  modules,  we  ac¬ 
tually  can  reduce  the  shunt  impedance  slightly  to  fully  uti¬ 
lize  five  6-structure  modules.  In  this  case,  the  loaded  gra¬ 
dient  in  the  e+  booster  is  12.4  MV/m  to  attain  the  required 
1.75  GeV  acceleration  plus  roughly  5%  margin. 

4  TOLERANCES 

Finally,  the  tolerances  for  the  S-band  linacs  are  listed  in 
Table  5.  In  the  e~  booster  and  e+  drive  linacs,  one-to-one 
trajectory  correction  is  assumed  where  the  trajectory  is  cor¬ 
rected  to  zero  the  Beam  Position  Monitors  (BPMs)  located 
at  the  focusing  quadrupoles.  In  the  pre-linacs,  the  trajec¬ 
tory  will  be  corrected  using  beam-based  alignment  similar 
to  that  used  in  the  main  linac  [6].  The  tolerances  in  the  L- 
band  e+  booster  linac  are  slightly  looser  than  those  in  the 
e~  booster  linac. 


Table  5:  Tolerances  for  the  S-band  linacs  (rms) 


Linac 

Quad 

BPM  to  quad 

Struct-struct 

e~  booster 
e+  drive 

200  /mi 

200  yum 

500  yum 

pre-linac 

15/zm 

15  yum 

40  yum 

5  REFERENCES 

[1]  NLC  ZDR  Design  Group,  “Zeroth-Order  Design  Report  for 
the  Next  Linear  Collider,”  SLAC  Report  474  (1996). 

[2]  NLC  Accelerator  Physics  Web  pages  from  http://www- 
project.slac.stanford.edu/lc/nlc-tech.html. 

[3]  J.  C.  Sheppard  and  et.  al.,  ‘The  NLC  Injector  System,”  this 
conference. 

[4]  Z.  Li  and  et.  al.,  “Beam  loading  compensation  for  the  Low 
RF  Frequency  Linacs  of  the  NLC,”  this  conference. 

[5]  Z.  Li  and  et.  al.,  “RDDS  Cell  Design  and  Optimization  for 
the  NLC  linac,”  this  conference. 

[6]  P.  Tenenbaum,  “Simulation  Studies  of  Main  Linac  Steering 
in  the  Next  Linear  Collider,”  this  conference. 


3488 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 

OPTIMIZATION  OF  THE  LUMINOSITY  SPECTRUM  IN  THE  NLC* 

K. A.  Thompson^ .  T.L.  Barklow,  T.W.  Markiewicz,  T.O.Raubenheimer, 

Stanford  Linear  Accelerator  Center,  Stanford,  CA  94309 


Abstract 

The  energy  spectrum  of  electrons  at  the  interaction  point  of 
a  linear  collider  is  determined  largely  by  the  beamstrahlung 
spectrum.  The  beamstrahlung  spectrum  in  turn  is  sensi¬ 
tive  to  the  design  parameters  at  the  interaction  point.  In 
this  paper  we  examine  the  optimization  of  the  luminosity 
spectrum  for  discovery  and  detailed  exploration  of  various 
physics  processes  of  interest  in  the  NLC,  in  particular,  top 
and  stop  pair  production,  and  a  class  of  processes  occuring 
via  W-W  scattering. 

1  INTRODUCTION 

The  energy  spectrum  of  electrons  at  the  interaction  point  of 
a  linear  collider  is  determined  largely  by  the  beamstrahlung 
spectrum  (emission  of  photons  due  to  the  interaction  of  an 
electron  with  the  collective  field  of  the  oncoming  beam), 
with  additional  effects  due  to  initial  state  radiation  and  en¬ 
ergy  spread  in  the  beam  coming  from  upstream.  The  beam¬ 
strahlung  spectrum  depends  on  the  design  parameters  at  the 
interaction  point.  Typically  there  is  roughly  half  the  lumi¬ 
nosity  very  near  the  nominal  center  of  mass  energy,  with 
the  remaining  luminosity  distributed  in  a  tail  extending  to 
significantly  lower  energies.  While  we  realize  various  pro¬ 
cesses  must  be  studied  individually  in  greater  detail  than  is 
presented  here,  our  goal  is  to  examine  optimization  trade¬ 
offs  for  some  important  classes  of  physics  processes  in  fu¬ 
ture  linear  colliders.  In  this  paper,  we  focus  mostly  on  pro¬ 
cesses  with  cross  sections  increasing  with  energy  over  the 
range  of  interest. 

2  NLC  BASELINE  DESIGNS 

We  give  some  luminosity-related  parameters  for  the  basic 
NLC  designs  near  (but  not  necessarily  exactly  at!)  500, 
1000,  1500  GeV  c.m.  energy  in  Tables  1,  2,  and  3[1].  The 
values  shown  for  the  pinch  enhancement  Hd,  number  of 
beamstrahlung  photons  per  incoming  particle  n7,  and  aver¬ 
age  beamstrahlung  energy  loss  Sb  are  obtained  from  simu¬ 
lations  using  the  beam-beam  code  Guineapig[2]  and  agree 
to  within  a  few  percent  with  those  obtained  from  analytic 
formulas  in  the  literature[3]. 

Note  that  for  a  given  design,  the  c.m.  energy  decreases 
with  higher  bunch  charge  N  because  of  beam  loading, 
which  due  to  costs  is  not  completely  compensated.  There 
is  also  variation  in  other  parameters  among  different  design 
versions  near  a  given  energy.  For  purposes  of  understand¬ 
ing  the  physics  tradeoffs,  it  is  also  useful  to  vary  only  one 
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Table  1 :  IP  parameters  for  three  ~  1/2  TeV  c.m.  NLC  de¬ 
signs 


A-500 

B-500 

C-500 

Ebeam  [GeV] 

267.5 

257.5 

250. 

N  [1010] 

0.75 

0.95 

1.1 

Itxllty  [^m-r] 

4.0/0.06 

4.5/0. 1 

5.0/0.14 

Ar/At  [mm] 

10/0.1 

12/0.12 

13/0.2 

(jz  [ftm] 

90. 

120. 

145. 

(Tx/cty  [nm] 

276/3.4 

327/4.9 

365/7.6 

T 

avg 

0.14 

0.11 

0.09 

Hd 

1.36 

1.30 

1.49 

TX-y 

1.08 

1.18 

1.24 

Sb 

4.3% 

3.9% 

3.7% 

Bunches/train 

95 

95 

95 

Rep.  rate 

120 

120 

120 

Ld  [1033  cm-2sec-1] 

7.42 

6.66 

5.94 

Table  2:  IP  parameters  for  three  ~1  TeV  c.m.  NLC  designs 

A- 1000  B-1000  C-1000 

Ebeam  [GeV] 

523.  504. 

489. 

N [1010] 

0.75  0.95 

1.1 

l^rjlfy  [/tm-r] 

4.0/0.06  4.5/0. 1 

5.0/0.14 

/VA t  [mml 

10/0.125  12/0.15 

13/0.2 

az  [/urn] 

90.  120. 

145. 

ax/ay  [nm] 

198/2.7  234/3.9 

261/5.4 

T avg 

0.39  0.30 

0.25 

Hd 

1.50  1.44 

1.50 

n-y  (sim) 

1.39  1.53 

1.62 

SB  (sim) 

9.5%  9.2% 

8.7% 

Bunches/train 

95  95 

95 

Rep.  rate 

120  120 

120 

Ld  [1033  cm~2sec_1] 

14.33  12.95 

11.67 

Table  3 :  IP  parameters  for  two  ~  1 .5  TeV  c.m.  NLC  designs 

A- 1500  B-1500 

Ebeam  [GeV] 

703 

739 

N  [1010] 

1.4 

0.95 

7£i/7£y  [^m-r] 

4.5/0.14 

4.5/0. 1 

/3x/f3y  [mm] 

15/0.2 

13/0.2 

az  [/tm] 

130. 

150. 

(jxlay  [nm] 

222/4.5 

201/3.7 

T 

x  avq 

0.60 

0.41 

Hd 

1.61 

1.50 

Tly 

2.2 

1.7 

Sb 

17% 

12% 

Bunches/train 

95 

95 

Rep.  rate 

60 

90 

Ld  [1033  cm~2sec-1] 

14.3 

12.3 

0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Table  4:  Fractional  luminosities  for  NLC  designs 


500 

1000 

1500- A 

1500-B 

beamst.  only: 
1-99.5%  (sim) 

61% 

46% 

31% 

40% 

£99%  (sim) 

67% 

52% 

35% 

45% 

LgS%  (sim) 

75% 

59% 

41% 

52% 

£95%  (sim) 

86% 

72% 

54% 

65% 

Lg0%  (sim) 

94% 

83% 

66% 

77% 

L80%  (sim) 

99% 

94% 

82% 

90% 

£50%  (sim) 

~  100% 

~  100% 

99% 

~  100% 

beamst.+ISR: 
£99.5%  (sim) 

37% 

27% 

18% 

23% 

£99%  (sim) 

44% 

33% 

22% 

29% 

£98%  (sim) 

54% 

41% 

28% 

36% 

£95%  (sim) 

69% 

56% 

41% 

50% 

£90%  (sim) 

81% 

70% 

55% 

64% 

£80%  (sim) 

91% 

84% 

73% 

80% 

£50%  (sim) 

98% 

97% 

95% 

97% 

parameter  at  a  time  (for  instance,  N,  crz,  (3X,  (3y,  jey,  or 
7ex).  In  doing  such  parameter  variations,  one  finds[4]  that 
the  best  “knobs”  for  increasing  luminosity  at  the  high  en¬ 
ergy  end  of  the  spectrum  are  7 ey  and  N.  It  is  difficult  to 
decrease  ^ey  very  much,  but  one  may  consider  increasing 
N  if  one  is  willing  either  to  let  the  energy  drop  or  compen¬ 
sate  for  the  beam-loading. 

We  show  the  luminosity  spectra  for  the  nominal  designs, 
with  beamstrahlung  only  and  with  both  beamstrahlung  and 
initial  state  radiation  (ISR)  in  Table  4.  The  fractional  lu¬ 
minosities  are  shown,  e.g.,  £99%  denotes  the  percentage  of 
the  luminosity  with  c.m.  energy  greater  than  or  equal  to 
99%  of  the  nominal  c.m.  energy.  (These  numbers  are  not 
significantly  different  for  the  A,  B,  and  C  variations  of  the 
designs  at  500  and  1000  GeV.) 


Figure  1:  Cross  sections  for  — >  IrIr  (dot-dashed 

curve),  — >  iptR  (dotted  curve),  — »■  hh  (solid 

curve),  -*  hh  (dashed  curve). 


Table  5:  Number  of  top  and  stop  pair  production  events  in  a 
107  second  running  year,  for  nominal  designs  near  1/2  TeV 
c.m. 


A-500 

B-500 

C-500 

eLeR  tt 

785000 

674000 

581000 

eReL  ^ 

357000 

305000 

262000 

eLeR  ~ *  hh 

22000 

17500 

14200 

92000 

74000 

60200 

eLeR  -»■  hh 

178000 

143000 

116500 

eReL  htL 

4900 

3900 

3200 

Table  6:  Number  of  top  and  stop  pair  production  events 
in  a  107  second  running  year,  for  modified  B-500  design 
(varying  N  and  keeping  energy  fixed). 


N  [1010] 

1.1 

1.3 

1.5 

i*+o 

•w 

t 

+0! 

i  ^ 

5D 

927000 

1347000 

1856000 

eReL  ^ 

420000 

609000 

837700 

eL  eR  tR^R 

23900 

34000 

46000 

eReL  -> 

101000 

144000 

195000 

eieR  ->  hh 

195000 

279000 

377000 

eReL  hh 

5300 

7600 

10200 

3  SUSY  SCALAR  PRODUCTION 

We  compare  the  rates  of  top  and  stop  production  in  a  500- 
GeV  collider,  assuming  m(-  =  mt.  The  total  top  and  stop 
pair  production  cross-sections  are  plotted  in  Figures  2  and  1 
respectively. 

The  production  rates  (#  events  in  a  running  year  of  107 
sec)  are  shown  in  Table  5  for  the  three  nominal  designs 
near  1/2  TeV  c.m.  energy.  The  rates  with  bunch  charge  N 
pushed  up  from  the  nominal  B-500  design  value  are  shown 
in  Table  6.  Here  we  assume  it  is  reasonable  to  compensate 
the  extra  beam  loading  to  keep  the  energy  fixed. 


Figure  2:  Cross  sections  for  eLe^  — >  tt  (solid  curve)  and 
eReL  M  (dashed  curve). 
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Table  7:  e+e_  -»  vvtt\  Mh  =  100  GeV;  No  polarization 

No.  of  %  change  n7 
events  B-1000 


A- 1000 
B-1000 
C-1000 

B-1000, 7ey  1 0.08/xm-r 
B-1000,  'yey  1 0.06/im-r 
B-1000,  'yty  1 0.04/rm-r 
B-1000,  Nt  1.  MO10 
B-1000,  Ntl.3-1010 
B-1000,  Ntl.5-1010 
B-1000,  N 1 1 . 1  T0lo,E4-978 
B-1000,  N 1 1.3-10lo,E4.935 
B-1000,  N 1 1.5-10lo,R|.891 
B-1000,  py  1 0.30  mm 


2800 

+26% 

1.4 

2220 

0% 

1.5 

1780 

-20% 

1.6 

2520 

+13% 

1.5 

2960 

+33% 

1.5 

3780 

+70% 

1.5 

2990 

+35% 

1.8 

4200 

+89% 

2.0 

5620 

+153% 

2.3 

2670 

+20% 

1.8 

3110 

+40% 

2.0 

3410 

+54% 

2.3 

1910 

-14% 

1.5 

Figure  3:  Cross  sections  for  e+e_  -+  vevett  for  Mh  = 
100  GeV  (solid  curve),  Mh  =  1000  GeV  (dashed  curve), 
Mh  =  oo  (dotted  curve). 


Table  8:  e+e  -+  vi>tt\  Mh  =  100  GeV;  No  polarization 


No.  of 

events 

%  change 
B-1500 

n7 

A- 1500 

8610 

-9% 

2.2 

B-1500 

9420 

0% 

1.7 

B-1500,  N 1 1.11010 

12800 

+36% 

2.0 

B-1500,  N  t  L3- 1010 

18000 

+90% 

2.3 

B-1500,  N 1 1.5-1010 

23900 

+154% 

2.6 

B-1500,  1 0.30  mm 

8700 

-8% 

1.7 

when  f3y  is  doubled  from  its  nominal  value.  Similar  results 
for  designs  near  1.5  TeV  are  shown  in  Table  8. 

5  DISCUSSION  AND  CONCLUSIONS 

We  have  not  discussed  the  very  important  issue  of  detector 
backgrounds  in  this  paper  -  our  general  philosophy  is  that 
when  total  rate  for  the  various  processes  considered  here  is 
optimized,  one  will  indeed  end  up  with  a  larger  number  of 
useful  events  even  after  appropriate  cuts  are  applied  to  re¬ 
duce  backgrounds.  However,  we  mention  some  issues  that 
must  be  kept  in  mind  when  designing  and  optimizing  the 
interaction  region  and  detector.  For  example,  the  process 
77  ->  WW  (where  the  7’s  are  bremsstrahlung  photons)  is 

a  significant  background  to  e+e - >  vvWW,  since  the  e± 

that  radiate  the  photons  are  typically  close  to  the  beam  axis 
and  may  escape  tagging.  For  these  electroweak  symmetry 
breaking  studies,  electron  tagging  capability  down  to  about 
150  mrad  is  needed[5].  Other  processes,  for  instance  some 
SUSY  parameter  determinations[6]  as  well  as  studies  of  the 
perturbative  QCD  pomeron  (BFKL  dynamics)  in  7*7*  -» 
hadrons[7,  8]  have  even  more  stringent  angular  coverage 
requirements,  down  to  about  40  mrad. 

We  thank  Lance  Dixon  and  Michael  Peskin  for  useful 
discussions  and  comments. 


4  WW-SCATTERING  PROCESSES 

The  class  of  processes  e+e_  -+  tlX  occurring  via  WW 
scattering,  where  one  or  both  f  s  is  a  neutrino  and  X 
could  be  for  example  tt,  TV’s  and/or  Z’s,  have  cross  sec¬ 
tions  which  are  rising  with  energy  through  the  TeV  en¬ 
ergy  scale  .  Taking  as  a  representative  example  the  process 
e+e—  ->  veveti,  (see  Figure  3)  we  show  the  number  of 
events  in  107  seconds  of  running  for  designs  near  1  TeV 
in  Table  7.  In  addition  to  the  nominal  A,  B,  and  C  de¬ 
signs,  we  show  the  increase  in  luminosity  attainable  with 
jey  decreased  from  its  nominal  value  of  0.1/im-r,  or  with 
N  increased  from  its  nominal  value  of  0.95  x  1010,  with 
and  without  compensation  of  the  extra  beam-loading.  The 
biggest  gain  is  to  be  had  by  increasing  N  and  keeping  the 
energy  fixed;  note  also  that  further  study  is  needed  to  see 
how  high  n7  can  be  allowd  to  go.  We  have  also  noted[4] 
that  substantially  increasing  / 3y  (which  relaxes  machine  tol¬ 
erances)  does  not  reduce  luminosity  very  much;  for  our  ex¬ 
ample  we  see  only  a  14%  reduction  in  the  number  of  events 
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cm  long  structure  described  below,  would  require  a  peak 
Abstract  RF  power  level  of  120  MW.  No  34.272  GHz  RF  source 


A  future  electron-positron  linear  collider  with  c.m.  energy 
in  the  range  of  3-5  TeV  is  understood  to  require  an 
operating  RF  frequency  in  the  range  of  30-100  GHz. 
Higher  operating  frequency  can  lead  to  higher 
acceleration  gradient,  with  a  corresponding  smaller 
accelerator  length.  This  paper  describes  a  test  structure 
designed  to  determine  the  maximum  achievable 
accelerating  gradient  for  an  operating  frequency  of  34.272 
GHz.  The  ~6-cm  long  test  structure  consists  of  21  cells 
operating  in  the  27t/3  mode.  It  is  to  be  driven  using  a 
magnicon  amplifier  [1],  designed  and  being  built  by 
Omega-P,  with  a  design  power  of  over  40  MW  in  a  1  psec 
pulse.  Preliminary  calculations  indicate  that  this  should 
make  it  possible  to  test  the  structure  to  accelerating 
gradients  of  over  300  MV/m. 

1  INTRODUCTION 

Strong  motivation  for  developing  high-frequency 
accelerating  structures  follows  from  the  scaling  of 
accelerating  gradient  with  frequency,  which  is 
approximately  linear  [2],  Thus  ILC,  which  is  to  operate  at 
11.424  GHz,  is  to  achieve  an  unloaded  accelerating 
gradient  of  about  77  MeV/m  [3],  approximately  four  times 
greater  than  the  2.856  GHz  SLC.  Similarity,  at  34  GHz 
the  acceleration  gradient  could  exceed  200  MeV/m. 
Laboratory  tests  would  allow  confirmation  (or  not)  of  the 
widely  accepted  scaling  with  frequency  of  field  emission 
and  rf  breakdown  in  high-gradient  room-temperature  linac 
structures  [4],  Tests  has  been  performed  with 
microsecond-length  pulses  at  S,  C  and  X-band;  and  at  30 
GHz  at  relatively  low  power  level  with  12  nsec  pulses  on 
the  CLIC  structure  [5].  But  extension  upwards  in  power 
and  pulse  length  are  required  to  further  test  the  scaling 
laws  at  34.272  GHz  in  a  regime  where  conventional  high- 
gradient  linacs  would  operate,  namely  with  RF  surface 
electric  field  gradients  greater  than  0.5  GeV/m  and  pulse 
widths  greater  than  100  nsec.  With  a  45  MW  magnicon 
amplifier  at  34.272  GHz  under  development  by  Omega-P, 
is  it  possible  to  consider  such  high-power  tests  of 
accelerating  structures. 

Making  use  of  the  favorable  scaling  of  accelerating 
gradient  with  frequency  assumes  that  RF  source  and  pulse 
compressor  technology  will  advance  sufficiently  so  as  to 
furnish  of  the  order  of  615  MW/m  of  required  RF  drive 
power  to  achieve  250  MeV/m  accelerating  gradient  [2], 
To  push  the  structure  up  to  250  MeV/m,  which 
corresponds  a  surface  field  of  ~  500  MV/m  even  for  the  6- 


with  this  power  is  available.  Nor  are  power  enhancement 
schemes,  such  as  resonant  rings  or  pulse  compressors, 
available  for  this  frequency  and  power  level.  Until  such 
RF  power  enhancement  technology  becomes  available, 
another  approach  is  required  to  achieve  the  surface 
electric  field  of  more  than  500  MV/m  in  a  34.272  GHz 
structure.  This  method  is  to  operate  a  traveling-wave 
structure  in  a  standing-wave  mode,  which  can  be  arranged 
by  placing  an  RF  short  circuit  at  the  end  of  the  structure 
under  test.  Under  this  condition,  analysis  of  the  energy 
spectrum  of  resulting  dark  current  is  a  common  diagnostic 
used  to  ascertain  the  acceleration  gradient.  Knowledge  of 
the  overvoltage  factor  then  allows  the  maximum  surface 
gradient  to  be  inferred  from  the  acceleration  gradient. 

2  THE  TEST  STRUCTURE 

Parameters  of  the  accelerating  structure  are  to  be  chosen 
so  as  to  achieve  an  accelerating  gradient  greater  than  250 
MeV/m,  assuming  the  necessary  RF  peak  power  to  be 
available.  Although  the  design  value  of  peak  output 
power  of  the  Omega-P  magnicon  is  45  MW  in  a  1  psec 
pulse  [1],  a  more  conservative  level  of  30  MW  is  chosen 
for  the  proposed  project. 

The  customary  accelerating  structure  for  linear  colliders  is 
a  2  n  13  structure  with  a  normalized  group  velocity  vg/c  in 
the  range  0.03  —  0.1.  A  schematic  crossection  of  the 
structure  is  shown  in  the  Fig.  la.  As  was  discussed  in  ref. 


(a)  (b) 

Fig.  1.  A  schematic  cross  section  of  the  2n/3  structure  (a), 
the  disk  edge  geometry  (b). 

[4],  the  maximum  accelerating  gradient  E  is  determined 
mainly  by  the  maximum  electric  field  on  the  cavity 
surface  Em.  Thus,  the  maximum  accelerating  gradient  for 
fixed  surface  field  is  achieved,  if  the  overvoltage  factor 
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km-Err/E  is  minimized.  To  minimize  km,  a  disk  edge 
geometry  was  suggested  [6]  having  an  elliptical  shape,  as 
shown  in  Fig.  lb.  Numerical  simulations  show,  within  the 
range  of  group  velocity  0.01  <  vg/c  <0.1,  and  for  the 
cavity  wall  thickness  t  in  the  range  of  0.056X  to  0.1  IX,  a 
reduction  in  km  in  the  range  of  5%  to  40%.  Here  X  is  the 
ffee-space  wavelength  at  the  design  frequency.  The  next 
important  issue  is  the  choice  of  structure  length, 
equivalent  to  a  choice  of  the  number  of  cells,  to 
investigate  effects  which  may  not  appear  in  a  single  cell. 
Naturally,  the  maximum  number  of  cells  is  limited  by  the 
available  peak  RF  power.  For  the  discussion  that  follows, 
a  structure  having  21  cells  was  chosen.  Table  I  lists 
results  for  some  parameters  of  a  preliminary  design 
optimization  for  this  structure. 


Table  I.  Preliminary  parameters  for  high-gradient  34 
GHz  accelerator  structure. 


Operating  frequency 

34.272  GHz 

Operating  mode 

2it/3 

Number  of  cells 

21 

Structure  length 

62  mm 

Group  velocity 

0.048  c 

Diameter  of  cell 

7.35  mm 

Diameter  of  aperture 

3.0  mm 

Wall  thickness  t 

0.70  mm 

Eccentricity  t/2h 

0.70 

Overvoltage  factor  km 

2.0 

Shunt  impedance 

1 30  MOhm/m 

Quality  factor 

3,800 

The  wall  thickness  value  t  that  was  chosen  takes  into 
account  mechanical  strength  and  the  need  for  radial 
cooling.  The  shape  of  the  disc  edge  is  chosen  to  minimize 
km  [6],  Note  that  km  for  a  round  shape  disk  edge  is  2.2, 
i.e.  10%  larger  than  that  found  in  the  preliminary 
optimization  of  this  structure. 

The  proposed  structure  and  a  corresponding  field  map  in  a 
standing  wave  mode  are  shown  in  Fig.  2.  The  diameter  of 
the  end  cell  is  reduced  to  7.26  mm,  as  compared  to  7.35 
mm  for  the  intermediate  cells  in  order  to  compensate 
effect  of  a  beam  tunnel.  The  dispersion  curve  for  this 
structure  is  shown  in  Fig.  3.  These  results  were  found 
using  calculations  with  the  code  SLANS  [7],  A  30  MW 
peak  power  magnicon  will  allow  to  test  this  structure  up  to 


Fig.  3.  Dispersion  curve  for  the  structure  shown  in  Fig.  2. 

maximum  surface  field  of  about  700  MV/m.  It  should  be 
emphasized  that,  in  the  case  of  standing-wave  structures, 
the  overvoltage  factor  km  is  almost  twice  as  high  than  for 
the  traveling-wave  case;  in  the  present  instance,  km  =  3.85. 

3  THE  INPUT  COUPLERS 

Input  couplers  constitute  another  important  issue.  The 
approach  which  is  taken  for  the  1 1 .424  GHz  structure  for 
NLC  [8],  and  for  the  30  GHz  structure  for  CLIC  [5],  is  to 
use  two  symmetric  input  couplers.  It  has  been  shown 
recently  [9]  that  quadrupolar  field  asymmetries, 
introduced  by  input  irises  having  an  azimuthal  variation, 
will  enhance  the  surface  electric  field  in  the  input  cell. 
This  enhancement  factor  in  some  cases  may  exceed  25%. 
To  avoid  this  problem,  a  so  called  "racetrack"  geometry 
for  the  input  cavity  was  introduced  [9].  Racetrack 
geometry  allows  one  to  symmetrize  the  fields;  it  has  been 
shown  to  work  well  at  11.4  GHz  and  17  GHz.  But  at 
34.272  GHz,  additional  problems  arise  due  to  the 
extremely  high  gradients  and  microwave  power  levels  in 
the  small  size  input  waveguides.  To  feed  the  34.272  GHz 
structure  described  here,  four  symmetric  input  couplers 
will  be  used.  This  approach  provides  the  following 
benefits: 

•  an  increase  in  the  order  of  perturbation  asymmetry 
from  quadrupole  to  octupole,  with  a  concomitant 
decrease  in  the  field  enhancement  factor  to  below 

3%; 

•  a  factor-of-two  decrease  in  power  flow  through  each 
input  waveguide;  and 


q  65  mm 

Fig.  2.  Field  map  of  2n/3  standing  wave  mode  in  the  21-cell  structure. 
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•  a  straightforward  connection  between  the  magnicon 

[1]  and  the  accelerator  structure  input  coupler,  since 
the  magnicon  has  four  WR-28  output  waveguides; 
thus  avoiding  need  for  a  complex  power  divider  for 
input  power  distribution. 

A  field  map  of  the  input  cell  with  four  WR-28  waveguides 
is  shown  in  Fig.  4.  2-D  simulations  were  carried  out  for 
the  case  of  perfect  matching,  using  CLANS  code  [7]. 
Width  of  the  coupling  irises  corresponds  to  the  case  of 
standing-wave  operation  of  the  structure.  Zoomed  picture 
of  this  field  map  is  shown  in  the  Fig.  5.  One  can  see  that 
near  the  structure  axis  magnetic  force  lines  are  practically 
circular,  indicating  that  only  a  small  field  enhancement 
factor  is  present. 


Fig.  4.  Field  map  in  the  transverse  cross  section  of  the 
input  cell. 


Fig.  5.  Zoomed  field  map,  showing  good  axial  symmetry 
in  the  center  of  the  input  cell. 


frequency  chosen  for  NLC.  At  34  GHz,  it  is  expected  that 
an  acceleration  gradient  approximately  three  times  that  at 
1 1 .4  GHz  can  be  realized.  High-power  tests  on  candidate 
structure  are  necessary  to  confirm  this  hypothesis.  These 
tests  on  trial  accelerator  structure  at  34  GHz  will  be 
possible  since  a  45  MW,  34  GHz  magnicon  is  being  built 
by  Omega-P,  Inc.  In  particular,  the  tests  of  this  accelerator 
structure  may  allow  a  surface  gradient  of  700  MV/m, 
which  corresponds  to  an  accelerating  gradient  of  more  that 
300  MeV/m  for  a  travelling-wave  accelerating  structure. 
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4  CONCLUSIONS 

Continued  progress  in  high  energy  physics  demands  a  new 
generation  of  linear  collider,  which  in  turn  requires 
operation  at  frequencies  higher  than  11.4  GHz,  the 
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Abstract 

Brookhaven  Accelerator  Test  Facility  (ATF)  is  a  laser 
linac  complex,  with  a  photocathode  RF  gun  injection 
system  and  two  sections  of  travelling  wave  linac.  To 
satisfy  the  requirements  of  short  wavelength  free  electron 
laser  and  laser  acceleration  experiments,  ATF  started  an 
energy  upgrade  program  with  a  goal  of  final  energy  on  the 
order  100  MeV.  Initial  stage  of  the  energy  upgrade 
involves  replace  aged  SLAC  X-K5  klystron,  and  upgrade 
the  magnets  power  supplies  for  the  quadrupole  magnets.  A 
SLAC  Energy  Doubler  (SLED)  cavity  will  be  installed  in 
the  second  phase  of  the  energy  upgrade.  Final  stage  of  the 
project  is  to  install  another  modulator  and  klystron  so  each 
section  of  the  linac  will  be  powered  individually;  which 
will  allows  us  more  flexibility  to  optimize  the  electron 
beam  emittance  compensation.  We  will  also  discuss  issue 
of  electron  beam  dynamics  for  operating  the  ATF  at  the 
higher  energy. 

1  INTRODUCTION 

Brookhaven  accelerator  test  facility  (ATF)  is  a  dedicated 
user  facility  for  beam  physics  and  radiation  source  R&D. 
Though  ATF  was  designed  and  approved  for  beam  energy 
up  to  120  MeV,  funding  constrain  and  resource  limited 
ATF  energy  below  60  MeV.  ATF  is  the  only  multi-user 
facility  based  on  the  photocathode  RF  gun  technology  in 
operation  in  the  last  decade,  it  typically  delivered  more 
1000  hours  user  beam  time  annually.  ATF  not  only 
provide  service  to  industry,  university  and  national 
laboratory  to  do  beam  physics  research,  it  also  actively 
involve  many  user  experiments.  ATF  users  and  staff 
have  made  many  significant  contributions  in  many  aspects 
of  beam  physics  research.  We  have  experimentally 
demonstrated  emittance  compensation  in  high  field  region 
[1],  developed  experimental  techniques  in  slice 
emittance[2],  tomography  [3]  and  sub-picosecond  timing 
jitters  measurement^].  We  proposed  and  experimentally 
demonstrated  electron  beam  micro-bunching  in  the 
photoinjector[5].  The  photocathode  RF  injection  system 
developed  at  ATF  now  is  being  used  in  many  laboratories 
both  in  abroad  and  US.  ATF  users  have  experimentally 
demonstrated  two  laser  acceleration  techniques,  i.e. 
Inverse  Cerenkov  Acceleration  (ICA)  [6]  and  Inverse  Free 
Electron  Laser  (IF EL)  [7]  acceleration;  Self  Amplified 
Spontaneous  Emission  (SASE)  was 
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observed  at  both  1  and  5  pm  [8,9].  We  have  also 
demonstrated  nano-meter  resolution  beam  position 
monitors  [10]and  electron  beam  micro-bunching  at  optical 
wavelength  [11]. 

One  of  the  primary  missions  of  the  ATF  is  to  explore  the 
new  high  gradient  acceleration  techniques,  specially 
various  laser  acceleration  techniques.  With  new  TW  C02 
laser  system,  and  the  ATF  capability  of  producing  Pico¬ 
second  to  femto-second  electron  beams[6,l  l],  ATF  can  be 
the  host  for  many  so  called  second-generation  laser 
acceleration  experiments.  Pre-bunched,  higher  energy 
electron  beam  injected  into  the  laser  accelerators  has 
many  advantages,  such  as  better  beam  quality  preservation 
in  plasma  laser  acceleration  schemes  and  ICA,  and  longer 
effective  interaction  length. 

Another  type  of  ATF  experiment  demanding  higher 
beam  energy  is  SASE  FEL  and  femto-second  hard  X-ray 
production  by  laser  Compton  scattering.  Significant  gain 
was  measured  in  SASE  FEL  experiments  [12]  in  IR  range, 
but  many  important  issues,  such  as  transverse  mode 
profile,  longitudinal  mode  structure,  and  saturation  remain 
to  be  studies  if  SASE  process  can  be  used  to  produce  X- 
ray  for  the  fourth  generation  light  source.  Multi-institute 
collaboration  now  is  constructing  a  Visible-Infrared  SASE 
Amplifier  (VISA)  FEL  experiment  at  the  ATF  to  study 
those  issues.  To  optimise  the  SASE  FEL  gain  for  the  ATF 
beam  parameters  of  2.5  mm-mrad  normalize  rms 
emittance  and  200  A  peak  current,  an  undulator  of  period 
1.8  cm  and  total  length  of  4  meters  is  required  [13].  It  is 
critical  to  generate  visible  radiation  so  we  can  take 
advantage  of  the  sensitive  and  advanced  photon  beam 
diagnostic  techniques  available  in  the  visible  wavelength 
to  study  those  issues.  To  generate  SASE  radiation  in  the 
800-600  nm  range  with  the  above  undulator,  it  requires  70 
to  85  MeV  electron  beams.  For  Compton  scattering 
experiment,  100  MeV  electron  beam  interacts  with  C02 
laser  (10.6pm)  could  produce  bright  sub-picosecond  X-ray 
whose  wavelength  shorter  than  1  A. 

Another  important  consideration  for  ATF  energy  up¬ 
grade  is  to  optimise  the  emittance  compensation  and 
produce  100  femto-second  or  shorter  electron  beams.  For 
emittance  compensation  photocathode  RF  gun  injection 
system,  linac  plays  two  important  roles.  One  is  to  boost 
the  beam  energy  to  reduce  the  space-charge  effect,  which 
decrease  rapidly  with  the  beam  energy.  The  second 
function  of  the  linac  is  to  match  the  electron  beam  envelop 
and  minimise  the  final  emittance.  Higher  energy 
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will  allow  more  flexibility  to  minimise  the  beam 
emittance. 

We  first  briefly  describe  the  ATF  photocathode  RF  gun 
injector  and  linac,  then  the  strategy  of  ATF  100  MeV 
energy  up-grade  and  status  of  the  project  is  discussed  in 
the  following  section.  The  beam  dynamic  issue  involve 
emittance  compensation  process  will  be  discussed  later. 

2  ATF  PHOTOCATHODE  RF  GUN 
INJECTOR  AND  LINAC 

Fig.l  is  the  schematic  of  the  ATF  photocathode  RF  gun 
injection  system  and  linac.  The  photocathode  RF  gun 
injection  system  consists  of  a  1.6  cell  high  brightness 
photocathode  RF  gun,  single  solenoid  magnet  for 
emittance  compensation,  normal  incident  laser  optics 
station,  and  photoelectron  beam  diagnostics  station  for 
electron  beam  charge,  energy  and  RF  phase 
measurements.  About  one  meter  downstream  of  the 
photocathode  RF  gun  is  the  linac,  which  is  made  up  by 
two  3-meter  sections  of  SLAC-type  travelling  wave  linac. 
The  RF  gun  and  linac  were  powered  separately  by  two 
klystrons. 

A  frequency  quadrupled  Nd:YAG  laser,  which 
synchronised  with  the  ATF  linac  RF  system,  is  used  to 
drive  the  photocathode  RF  gun.  It  is  also  used  to  switch 
the  ATF  C02  laser  system.  The  C02  laser  system  is 
mainly  used  as  a  power  source  for  laser  acceleration 
experiments  and  study  beam  photon  interaction. 

The  klystrons  used  at  the  ATF  are  surplus  XK-5 
klystrons  provide  by  SLAC.  After  remarkable  more  30 
years’  service,  the  output  of  those  klystrons  now  starts  to 
decline.  The  output  of  the  klystron  used  to  power  two 
sections  of  the  linac  was  measured  to  be  less  than  15 
MW.  The  beam  energy  of  from  two  sections  of  the  linac 
can  be  estimated  by: 

E  =  10V2P  (1) 

Where  P  is  the  klystron  power  in  MW,  and  E  is  the 
electron  beam  energy  in  MeV.  To  produce  70  MeV 


electron  beams,  we  need  a  25  MW  klystron.  The  klystron 
tube  we  selected  is  30  MW  Triton  klystron  8840,  which  is 
compatible  with  the  XK-5  klystron  assembly.  The  second 
phase  of  the  ATF  energy  up-grade  is  to  install  a  SLAC 
Energy  Doubler  (SLED)  [14]  cavity  purchased 
from  China  IHEP  some  times  ago.  SLED  cavity  give  us 
more  energy,  but  also  make  ATF  linac  operation  more 
complex.  To  take  advantage  of  the  SLED  cavity,  we  also 
installed  more  capacitors  in  the  linac  modulator  to 
increase  the  RF  pulse  width.  ATF  magnets  are  capable  of 
delivering  100  MeV  electron  beam  with  new  30  A  power 
supplies. 

The  final  stage  of  the  ATF  energy  upgrade 
involves  building  a  new  modulator  and 
installing  a  new  klystron,  which  allows  us  more 
flexibility  of  to  minimise  the  electron  beam 
emittance. 

3  STATUS  OF  THE  ATF  100  MEV 
ENERGY  UPGRADE 

The  initial  stage  of  the  ATF  energy  upgrade  was 
implemented  in  the  late  1998.  The  30  MW  Triton  klystron 
8840  tube  was  installed  and  conditioned  in  the  October  of 
1998.  Fig.2  is  the  maximum  electron  beam  energy  as  a 
function  of  the  modulator  charging  power  supply  voltage. 
With  beam  energy  more  than  70  MeV,  VISA  experiment 
can  start  the  experiment  at  800  nm  even  without  the  SLED 
cavity  installed. 

More  capacitors  were  also  installed  to  achieve  the  RF 
pulse  width  more  than  3  gs  (Fig.3).  The  SLED  cavity  and 
its  water  system  were  tested.  From  RF  measurement  data 
(Fig.4),  the  Q  of  the  SLED  cavity  is  better  than  105,  which 
agrees  with  the  design  values  [14].  From  fig.4  of  the 
reference  14  we  concluded  that,  the  energy  multiple  factor 
of  the  ATF  SLED  cavity  is  about  1.5,  which  will  be  able 
to  produce  100  MeV  electron  beam. 

The  last  stage  of  the  ATF  energy  upgrade  program  is  to 
build  a  new  modulator  and  klystron,  so  each  section  of  the 
linac  will  be  powered  individually  by  a  single  klystron. 
This  will  allow  us  more  flexibility  in  electron  beam 
emittance  and  bunch  length  optimisation.  If  funding 
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available,  we  expect  the  new  modulator  and  klystron  come 
on-line  at  the  end  of  year  2000. 


Figure  2:  Electron  beam  energy  as  function  of  the  linac 
modulator  charging  voltage. 


Figure  3:  The  linac  RF  pulse  width  measurement. 


Frequency  (Mhz) 

Figure  4:  The  SLED  cavity  RF  measurement. 

4  BEAM  MATCHING 

For  a  photocathode  RF  gun  operating  at  emittance 
compensation  mode  [15],  the  acceleration  gradient  of  the 
linac  and  final  energy  of  the  beam  are  critical  in 


minimising  the  emittance  of  the  photoelectron  beam.  For 
normal  ATF  operation,  laser  spot  size  on  the  cathode, 
laser  pulse  length  and  field  gradient  on  the  cathode  and 
electron  beam  charge  are  fixed  parameters  while  solenoid 
magnet  strength  was  adjusted  to  optimise  the  beam 
emittance.  With  higher  accelerating  gradient  (up  to  16 
MV/m)  in  the  linac,  we  will  have  more  freedom  to 
optimise  the  final  beam  emittance.  The  procedure  using 
so  called  invariant  envelop  theory  [16]  proposed  by 
Serafini  et  al  [17]  to  optimise  the  ATF  type  injector  can 
give  some  guidance  in  general.  But  there  are  two  import 
experimental  facts  the  theory  does  not  considered.  We 
have  observed  both  in  simulation[18]  and  experiment  [5] 
that,  significant  electron  beam  micro-bunching  occurred 
for  a  modest  amount  charge  (<  1  nC)  situation.  This  is 
crucial  for  the  ATF  experiments  (such  as  VISA,  high  gain 
harmonic  generation  FEL)  which  require  high  peak 
current  since  ATF  photocathode  RF  gun  driving  laser  can 
only  produce  10  ps  (FWHM)  pulselength.  Another 
important  issue  was  not  address  in  the  theory  is  the 
coupling  we  observed  between  the  transverse  emittance 
and  electron  beam  bunch  length  [18].  Micro-bunched 
electron  will  also  suffer  less  emittance  growth  due  to  the 
wakefield. 
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Abstract 

Long-term  plans  for  CEBAF  at  Jefferson  Lab  call  for 
providing  12  GeV  in  the  middle  of  the  next  decade  and  24 
GeV  after  2010.  Such  energies  can  be  achieved  within  the 
existing  footprint  by  fully  populating  the  accelerator 
tunnel  with  cryomodules  capable  of  twice  the  operating 
voltage  of  the  existing  ones  within  the  same  length.  In 
particular,  this  requires  the  development  of 
superconducting  cavities  capable  of  operating  at  gradients 
above  12  MV/m  and  Q~1010.  An  R&D  program  for  the 
development  of  the  cryomodules  is  under  way  and  will  be 
presented,  as  well  as  various  options  for  the  upgrade  path. 

1  CEBAF  DESIGN  AND  STATUS 

CEBAF  was  designed  and  constructed  to  accelerate  an 
electron  beam  to  4  GeV  by  recirculating  five  times 
through  two  1497  MHz  superconducting  linacs,  each 
providing  400  MeV  per  pass  at  the  accelerating  gradient 
of  5  MV/m.  180-degree  isochronous,  achromatic 
recirculating  arcs  connect  the  two  anti-parallel  linacs.  The 
design  maximum  current  is  200  pA  cw,  corresponding  to 
a  beam  loading  current  of  1  mA  [1], 

From  the  beginning  the  performance  of  the  acceleration 
system  exceeded  the  design  goal  [2],  Early  in  1996  a  one- 
pass  energy  of  1  GeV  was  achieved,  and  in  the  spring  of 
1997  a  90  pA  beam  was  accelerated  to  1.16  GeV  in  a 
single  pass  (equivalent  to  a  5.6  GeV,  18  pA  5-pass  beam), 
albeit  with  stability  less  than  suitable  for  regular 
operation. 

The  average  accelerating  field  in  the  active  cavities  was 
7.8  MV/m,  more  than  50%  above  their  design  field.  In  the 
fall  of  1997,  the  full  capacity  of  CEBAF  was 
demonstrated  with  the  delivery  of  a  4  GeV,  200  pA  beam 
[3],  The  initial  performance  of  the  CEBAF  cavities 
corresponded  to  a  reliable  5-pass  energy  of  about  5  GeV. 
The  performance  was  predominantly  limited  by  electron 
field  emission  that  can  manifest  itself  in  additional 
cryogenic  losses,  x-ray  production,  and  periodic  arcs  at  the 
cold  ceramic  window  which  is  located  close  to  the  beam 
line  [4], 

In  order  to  reduce  field  emission  and  increase  the 
operational  energy  of  CEBAF,  a  program  to  perform  in 
situ  helium  processing  of  the  cavities  was  initiated  in  the 
fall  of  1996  and  took  place  during  the  scheduled  machine 
shutdown  periods  in  1997,  1998,  and  1999  [3],  The  in  situ 
processing  program  was  nearly  completed  in  February 
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1999  and  has  increased  the  installed  voltage  by  about 
200  MV,  which  corresponds  to  an  added  voltage  of  1  GeV 
for  a  5-pass  beam,  and  it  is  expected  that  the  additional 
gain  will  allow  operation  just  above  6  GeV. 

Some  of  the  arc  dipole  power  supplies  have  been 
upgraded  in  order  to  deliver  high-energy  multipass  beams, 
and  physics  experiments  at  5.5  GeV  are  scheduled  to  start 
in  April  1999.  In  order  to  support  high-energy,  high- 
current  operation  new  optimization  algorithms  and  tools 
have  been  developed  [5]. 

2  UPGRADE  OPTIONS  FOR  THE 
ACCELERATION  SYSTEM 

CEBAF’ s  long-term  institutional  plan  calls  for  an  energy 
upgrade  to  12  GeV  in  the  middle  of  the  next  decade,  and 
to  24  GeV  after  2010.  The  short-term  goal  is  to  have 
developed,  installed  in  the  accelerator,  and  demonstrated 
by  2002  prototypes  of  the  key  components  of  such  an 
upgrade. 

While  the  details  of  the  upgrade  path  are  still  being 
developed,  a  top-level  parameter  list  has  been  generated 
which  guides  the  selection  between  the  various  options: 

•  The  highest  energy  beam  of  12  GeV  needs  to  be 
delivered  to  only  one  experimental  hall. 

•  CW  operation  must  be  preserved. 

•  The  maximum  circulating  beam  current  will  be  400 
pA  (corresponding  to  an  80  pA  beam  for  a  5-pass 
design). 

•  The  maximum  installed  refrigeration  capacity  will 
be  8.5  kW  at  2  K. 

•  Cost  and  impact  on  accelerator  operation  during  the 
upgrade  must  be  kept  to  a  minimum. 

•  Since  the  purpose  of  the  12  GeV  electron  beam  is 
to  generate  an  8  GeV  photon  beam,  the 
requirements  on  the  electron  beam  quality  can  be 
relaxed  from  the  existing  requirements. 

•  Since  the  ultimate  goal  is  an  upgrade  to  24  GeV,  an 
upgrade  path  to  12  GeV  that  could  be  extended  to 
higher  energy  would  be  preferable. 

The  first  upgrade  plan  for  CEBAF  called  for  a 
maximum  energy  of  about  9  GeV.  The  most  attractive 
option  to  achieve  this  goal  called  for  a  systematic 
“reworking”  of  the  cryomodules.  This  consisted  of 
removing  the  cryomodules  from  the  accelerator  one  at  a 
time,  reprocessing  the  superconducting  cavities,  and 
replacing  or  modifying  some  of  the  limiting  components 
(for  example  relocating  the  cold  windows  and  shielding 
them  from  field-emitted  electrons).  While  this  option 
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seemed  attractive  toward  obtaining  9  GeV,  it  could  not  be 
easily  extended  beyond,  either  because  it  could  not 
provide  enough  energy  or  because  the  cryogenic 
consumption  would  be  excessive. 

The  most  attractive  option  that  has  emerged  from  the 
studies  that  have  been  conducted  during  the  last  year 
consists  of:  (see  Figure  1) 

•  addition  of  a  fourth  experimental  Hall  D  at  the  end 
of  the  North  Linac  (turning  CEBAF  into  a  5-pass 
machine  for  Halls  A,  B,  and  C,  and  a  5  1/2-pass 
machine  for  Hall  D), 

•  development  and  construction  of  high-voltage, 
high-Q  cryomodules  to  be  installed  in  the  5  empty 
slots  in  each  of  the  linacs, 

•  replacement  of  a  limited  number  of  existing 
cryomodules  by  new  ones  (typically  3  in  each  of 
the  linacs  and  2  in  the  injector), 

•  upgrade  of  the  refrigeration  capability  to  8.5  kW, 

•  addition  of  a  10th  arc  and  upgrade  of  the  existing 
ones. 


New  80  MV,  high  Q,  7  cell  cryomodules 
-  Install  10  in  empty  slots— 11  GeV 
•  Replace  8  existing  ones-12.6  GeV 
Increase  cryo  capacity  to  8.5  kW-cw  at  12  GeV 
Upgrade  arcs  (mostly  power  supplies 
and  spreader/recombiners) 

Add  10th  arc  for  5.5  pass  acceleration 
Add  a  new  hall  (Hall  D)  @  highest  energy 
(photons  only) 

20  Cryornodules 


5  New 

Cryomodules 


|  Accelerator  down  ~  1  year  [ 
I  for  Installation  * 
and  Commissioning 


Add  Arc 


20  Cryomodules 


5  New 
Cryomodules 


Figure  1:  Upgrade  path  to  12  GeV  CEBAF. 

3  DESIGN  OF  THE  UPGRADE 
CRYOMODULE 

The  Upgrade  Cryomodule  is  clearly  the  key  component  of 
the  upgrade  of  the  acceleration  system.  Its  design  is  also 
somewhat  insensitive  to  the  details  of  the  upgrade  option 
that  is  ultimately  chosen,  once  the  top-level  parameters 
have  been  defined,  and  it  can  be  viewed  as  a  building 
block  that  can  be  applied  to  a  large  number  of  upgrade 
paths.  For  these  reasons,  most  of  the  development  efforts 
in  support  of  the  upgrade  are  directed  toward  the 
development  and  demonstration  of  prototype  Upgrade 
Cryomodules. 


3.1  Cavities 

In  order  to  increase  the  voltage  that  is  provided  by  a 
cryomodule  within  a  given  length,  one  can  either  increase 
the  gradient  at  which  the  cavities  are  operating,  or 
increase  the  effective  accelerating  length,  or  both.  While 
it  may  be  argued  that  maximizing  the  accelerating  length 
is  the  approach  that  presents  the  least  technological  risk, 
for  cw  accelerators  such  as  CEBAF,  maximizing  the 
length  instead  of  the  gradient  has  the  added  advantage  of 
lowering  the  dynamic  load  on  the  refrigeration  system. 

For  this  reason,  it  was  decided  early  that  the  Upgrade 
Cryomodule  would  still  include  8  cavities,  but  that  these 
would  be  7-cell  cavities  (70  cm)  instead  of  the  present  5- 
cell  (50  cm).  The  option  described  in  Section  2  calls  for 
these  cavities  to  provide  a  minimum  voltage  of  8.75  MV 
with  a  maximum  power  dissipation  of  17.5  W,  i.e.  their  Q 
must  be  at  least  6.5xl09  at  12.5  MV/m.  Thus  the  greatest 
challenge  is  not  so  much  in  achieving  a  high  gradient  but 
in  maintaining  a  high  Q  at  high  gradient.  Given  the 
constraint  imposed  by  the  available  refrigeration,  cw 
operation  at  15  MV/m  would  be  practical  only  if  the  Q  at 
that  field  were  at  least  1010. 

While  the  CEBAF  cavity  cell  design  could  be  improved, 
the  potential  benefits  do  not  seem  critically  important,  and 
the  first  7-cell  cavity  prototype  has  been  built  using  the 
existing  cell  design.  The  first  prototype  met  the 
requirement  of  a  Q  of  6.5xl09  at  12.5  MV/m  [6].  A 
redesign  of  the  cells  is  still  an  option,  although  a  low 
priority  one. 

3.2  Cryostat  Concept  and  Cavity  String 
Assembly 

The  existing  CEBAF  cryomodule  is  constructed  from  4 
cryounits,  each  containing  a  sealed  cavity  pair.  These 
cryounits  are  then  joined  with  bridging  sections.  In  order 
to  increase  the  number  of  cells  from  5  to  7  while 
maintaining  the  same  cryomodule  length,  this  approach 
had  to  be  abandoned. 

Several  cryostat  concepts  were  explored: 

•  Cylindrical  cryostat  with  radial  penetrations  for  the 
power  couplers, 

•  Cylindrical  cryostat  with  axial  (through  the  end 
plates)  penetrations, 

•  Bathtub-type  cryostat  where  all  the  innards  are 
suspended  from  a  top  plate. 

While  all  designs  had  advantages  and  disadvantages,  a 
cost/benefit  analysis  did  not  reveal  an  obviously  preferred 
option.  The  overriding  consideration  was  the  limited 
amount  of  time  and  resources  expected  to  be  available, 
and  the  radial  design  was  chosen  as  it  was  deemed  the  one 
that  would  require  the  least  amount  of  development  given 
the  on-site  experience  with  the  radial  design. 

The  Upgrade  Cryomodule  will  include  a  continuous  8- 
cavity  string  assembly  without  isolation  valves  between 
the  cavities.  The  present  design  calls  for  a  30-cm 
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separation  between  cavities  into  which  must  fit  the 
fundamental  power  coupler,  the  higher  mode  extraction 
system,  the  pick-up  probe,  connecting  flanges  and 
connections  to  the  helium  tank  and  mechanical  tuners  [7]. 
The  design  does  not  include  bellows  between  the  cavities. 

3.3  Fundamental  Power  Coupler 

Both  coaxial  and  waveguide  couplers  were  explored.  The 
waveguide  concept  was  retained  because  of  its  simplicity 
and  flexibility  at  1500  MHz.  Unlike  the  present  design, 
though,  we  have  decided  to  completely  separate  the 
functions  of  fundamental  power  coupling  and  higher  mode 
extraction.  This  produces  a  coupler  design  that,  unlike  the 
existing  CEBAF  design,  is  free  of  transverse  kick 
imparted  to  the  beam  and  allows  a  cryostat  design  where 
all  the  power  couplers  are  on  the  same  side  [8,9]. 

3.4  Higher  Order  Modes  Damping 

The  requirements  for  higher-order  mode  (HOM)  damping 
for  the  12  GeV  Upgrade  have  been  substantially  relaxed 
from  the  original  CEBAF  design.  Not  only  is  the  energy 
increased  from  4  to  12  GeV  but  the  maximum  circulating 
current  is  being  reduced  from  1000  to  400  pA. 
Additionally,  the  experience  acquired  during  CEBAF 
operation  has  led  to  a  reduction  of  the  "safety  factor"  for 
the  stability  threshold  current.  As  a  result  an  upper  limit 
of  106  was  adopted  for  the  QM  of  the  HOMs. 

The  design  of  the  HOM  couplers  is  a  departure  from  the 
existing  design:  we  do  not  rely  on  any  HOM  being 
extracted  from  the  fundamental  power  coupler,  the  2 
HOM  couplers  will  be  of  a  coaxial  type  as  opposed  to  a 
waveguide  type,  the  HOM  couplers  will  be  located  outside 
the  helium  tank  and  the  HOM  power  can  be  deposited  at  a 
temperature  other  than  2  K. 

3.5  Frequency  Tuning 

The  frequency  tuners  perform  several  functions:  bring  the 
cavities  on  resonance  after  installation,  detune  the  cavities 
that  are  not  operating,  and  track  the  changes  in  frequency 
due  to  Lorentz  detuning,  pressure  and  temperature 
fluctuations.  For  the  Upgrade  Cryomodule,  the  bandwidth 
will  be  small  (-75  Hz),  the  Lorentz  detuning  large  (-500 
Hz),  and  we  want  to  track  the  frequency  accurately  (-2 
Hz)  in  order  to  minimize  the  rf  power  requirements.  For 
this  reason  the  baseline  design  incorporates  two  different 
tuning  schemes:  a  coarse  mechanical  tuner  with  400  kHz 
range  and  100  Hz  resolution  that  will  be  used  infrequently, 
and  a  fine  piezoelectric  tuner  with  1  kHz  range  and  1  Hz 
resolution  that  will  provide  the  fine,  frequent  tracking 
[10]. 

3.6  Processes  and  Procedures 

While  the  gradients  required  are  modest  compared  to 
those  for  proposed  linear  colliders,  a  high  Q  is  of  primary 
importance.  Furthermore,  since  rf  power  will  be  a  hard 


constraint,  "outstanding"  cavities  cannot  operate  at  higher 
gradient  in  order  to  compensate  for  "weaker"  ones.  For 
these  reasons  our  main  goal  is  to  achieve  consistent 
performance  as  opposed  to  the  less  frequent  exceptional 
one.  We  are  engaged  in  a  complete  review  of  all  the 
processes  and  procedures  involved  in  the  fabrication  and 
assembly  of  cavities  and  cryomodules.  Modifications  to 
the  processing  and  assembly  facilities,  such  as 
implementation  of  final  chemistry  and  rinsing  in  the 
cleanroom,  are  under  way. 

3.7  Microphonics,  RF  Control,  and  RF  Power 

In  order  to  contain  the  cost  of  the  upgrade  we  have 
adopted  as  a  goal  only  a  modest  increase  of  the  rf  power 
per  cavity  from  5.5  to  6  kW.  This  puts  stringent 
requirements  on  microphonics  and  the  control  system.  At 
12.5  MV/m  and  400  pA  circulating  current,  the  maximum 
allowable  amount  of  detuning  (including  static  and 
microphonics)  is  25  Hz.  The  optimum  QM  is  2xl07,  and 
the  Lorentz  detuning  is  much  larger  than  the  loaded 
bandwidth;  for  this  reason  a  new  low-level  rf  control 
system  will  be  required.  The  baseline  concept  is  an  agile 
digital  system  capable  of  implementing  a  self-excited  loop 
on  I/Q  feedback. 
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Abstract 

The  Cornell  Electron  Storage  Ring  (CESR)  operates  as  an 
electron-positron  collider  with  9  trains  of  2  to  5  [1] 
closely  spaced  bunches  per  train  per  beam.  The  Cornell 
Linac  is  the  initial  component  of  the  injector  for  CESR 
and  it  needs  to  provide  multibunch  trains  of  electrons  and 
positrons  at  high  injection  rates  for  CESR.  This  paper 
presents  the  results  of  simulations  which  have  studied  the 
effects  of  operating  the  Linac  at  high  multibunch  currents 
needed  for  the  production  of  trains  of  positron  bunches. 
Results  include  the  effect  of  longitudinal  wakefields 
induced  by  the  beam  in  the  linac  injector  prebuncher 
cavities  and  a  method  for  the  partial  compensation  of  the 
effect  of  these  wakefields,  the  effect  of  transverse 
wakefields  in  the  linac  accelerator  sections  in  the  electron 
linac  preceding  the  positron  target  and  the  effect  on 
positron  capture  of  increasing  the  accelerating  gradient  in 
the  positron  linac.  Comparison  with  some  linac 
measurements  is  included. 

1  WAKEFIELDS  IN  THE  PREBUNCHER 
CAVITIES  OF  THE  LINAC  INJECTOR 

The  Cornell  linac  injector  creates  a  beam  of  300  MeV 
electrons  or  a  beam  of  200  MeV  positrons.  The  positrons 
are  produced  in  a  tungsten  target  on  the  converter 
installed  in  the  middle  of  the  linac.  The  linac  is  modelled 
with  eight  SLAC  accelerating  sections  AS#1...AS#8  [2]. 
The  positron  conversion  efficiency  is  about  0.1%.  Such  a 
small  yield  requires  the  highest  current  of  the  electron 
beam  during  positron  production.  Thus  the  largest  current 
is  in  the  initial  part  of  the  injector.  The  first  half  of  the 
linac  consists  of  the  150  keV  electron  gun,  two  identical 
prebuncher  cavities  operating  at  214  MHz  and  the  first 
linac  sections  AS#1...AS#4. 

The  linac  injector  provides  a  high  current  electron 
beam  with  7  trains  of  2  to  5  bunches  accordingly  to  the 
CESR  operation  described  above.  In  the  case  of  positron 
production  each  bunch  is  formed  from  3  ns  gun  pulse  with 
1.4101 11  electrons.  These  electron  pulses  excite  the 
wakefields  synchronously  on  the  fundamental  mode  of  the 


prebuncher  cavities.  The  accumulated  longitudinal 
wakefields  decelerate  the  bunches,  distort  their  bunching 
and  reduce  the  number  of  particles  captured  into  the  linac. 

A  special  method  for  the  partial  compensation  of  these 
wakefields  is  used  for  the  CESR  injector.  The  gun 
introduces  an  additional  delay  r  between  the  electron 
bunches.  As  a  result  the  bunches  are  shifted  at  the 
accelerating  phase  of  RF  voltages  of  the  prebuncher 
cavities.  Thus  the  decelerating  effect  of  the  wakefields  is 
compensated  by  the  RF  field.  For  example,  the 
simulations  of  the  net  voltages  (RF  bunching  voltage  and 
wake  potential)  for  the  14th  bunch  are  shown  in  Fig.  1  for 
the  gun  using  compensated  and  uncompensated  timing 
parameters. 


Figure:  1  Net  bunching  voltage  in  the  first  prebuncher. 

The  wakefields  have  been  simulated  for  7  trains  of  2 
bunches.  Two  cases  of  different  RF  bunching  voltages 
35kV,  105  kV  and  50  kV,  150  kV  have  been  studied  for 
first  (PB#1),  second  (#PB2)  prebuncher  cavities 
correspondingly.  The  wake  potentials  have  been  obtained 
in  terms  of  the  cavity  mode  data  calculated  by  the 
URMEL  code.  The  quality  factor  Q  at  the  fundamental 
mode  is  high  enough  to  neglect  attenuation  of  the 
wakefields  during  the  traversal  by  the  entire  beam  (7 
trains  by  280  ns).  The  wakefield  amplitudes  in  the  both 
cavities  are  proportional  to  the  number  of  bunches  which 
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passed  earlier.  The  bunching  effect  in  the  drift  space 
between  the  prebuncher  cavities  squeezes  the  bunch 
length.  As  a  result  the  wakefields  have  amplitude  in  1 .2 
times  higher  in  the  second  prebuncher  in  comparison  with 
the  first  one.  The  value  of  delay  r  is  chosen  from  the 
condition  of  the  wakefield  compensation.  The  result  of 
simulations  gives  the  relative  time  between  the  centroids 
of  the  bunches  [difference  in  the  injection  phases  of  RF 
linac  (1  psec  <-»  1°)  between  bunches]  are  shown  in  Fig.2. 


where  ^[V/C]  and  rq  are  the  loss  factor  and  the 
displacement  of  an  exciting  charge,  co  and  Q  are  the 
angular  frequency  and  the  quality  factor  of  the  dipole 
mode,  i  and  j  are  cell  and  bunch  indexes,  and  t  is  time 
between  bunches. 

There  is  solenoid  focusing  in  the  first  accelerating 
section  AS#1  of  the  linac  with  the  longitudinal  magnetic 
field  B  =  0.2  T.  Simplified  assumptions  of  the  bunch 
motion  shows  the  final  beam  displacement  at  the  exit  of 
the  section  should  be  about  1.1  mm  due  to  solenoid 
focusing.  The  wakefields  and  the  bunch  motion  are 
calculated  in  each  cell  for  the  second  linac  section  AS#2 
which  has  no  solenoid  coils. 

The  bunch  to  bunch  influence  depends  strongly  on  the 
frequency  of  the  dipole  modes.  In  this  case  it  is  possible 
only  to  determine  the  worst  situation  when,  due  to  the 
wakefields,  one  of  the  given  bunches  gets  the  maximum 
displacement  after  the  linac  section.  We  solve  the 
equations  of  motion  changing  the  frequency  of  the  first 
cell  of  the  accelerating  section  and  keeping  the  frequency 
detuning  range  up  to  5%  for  the  last  section  cell.  The 
bunch  displacements  for  the  “worst”  situation  are  shown 
in  Fig.  3.  Time  between  bunches  in  the  train  is  14  ns  and 
time  between  trains  280  ns.  The  charge  of  every  bunch  is 
22.5  nC. 


Figure:  2  The  relative  time  between  bunches  at  the  linac 
entrance. 

The  special  gun  timing  correction  provides  more 
successful  injection  of  the  high  current  electron  beam  into 
the  linac.  It  is  possible  to  get  an  optimal  case  for  14th 
bunch  structure  providing  22.5  nC  charge  per  bunch  by 
tuning  the  RF  prebuncher  voltages  and  the  gun  delay  T. 
Using  the  delay  r  also  provides  the  maximum  current  of 
electron  beam  for  operation  with  7  trains  per  5  bunches. 
In  this  case  the  optimal  charge  per  bunch  is  estimated  as 
1 1  nC  approximately. 


2  TRANSVERSE  WAKEFIELDS  IN  THE  LINAC 


The  linac  of  the  CESR  injector  is  modelled  to  contain 
SLAC  accelerating  sections.  The  experimental  measured 
frequency  spectrum  of  the  dangerous  dipole  modes 
extends  from  4143  to  4350  MHz  [3]  approximately.  The 
amplitude  of  the  dipole  wakefields  is  proportional  to 
beam  displacement  away  from  the  electrical  center  of  the 
linac  sections.  From  estimations  of  the  linac  optics  we  put 
this  displacement  to  1  mm  at  the  entrance  into  the 
sections.  The  wakefield  model  [4]  has  been  developed  for 
constant  gradient  structures.  It  assumes  the  accelerating 
section  consists  of  a  collection  (N=  86  cells)  of  uncoupled 
oscillators  corresponding  to  the  synchronous  modes  of  the 
periodic  structures.  Thus  the  wake  potential  after  the 
bunch  number  p  is 


■'V  7=1  7=1 


Figure:  3  The  bunch  displacement  after  AS#2. 

The  influence  of  the  wakefields  in  the  next  sections  is 
less  due  to  the  higher  beam  energy.  It  is  possible  to 
provide  the  high  multibunch  current  in  each  linac  sections. 
However  the  instability  from  bunch  to  bunch  coupling 
should  be  studied  in  more  details  for  the  whole  linac. 

3  IMPROVEMENTS  IN  THE  POSITRON  LINAC 
USING  HIGHER  ACCELERATING  GRADIENTS 

The  simulations  of  the  positron  dynamics  have  been 
performed  assuming  the  possibility  that  the  input  RF 
power  in  the  accelerating  sections  #5  and  #6  may  be 
increased  from  15  MW  up  to  24  MW  to  enlarge  the 
positron  transfer  through  the  positron  linac.  The  electrons 
passing  through  the  converter  target  and  secondary 
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electrons  from  the  conversion  process  are  accelerated  in 
these  sections  and  contribute  sufficiently  to  the  net 
observed  charge-  The  CESR  measurements  [5]  have 
shown  that  the  total  beam  charge  is  negative  during 
acceleration  up  to  the  AS#6  where  it  changes  the  sign.  To 
have  similar  results  in  the  simulations  we  searched  for  a 
regime  with  such  effect.  In  the  case  of  the  maximum 
energy  gain  for  positrons  the  total  beam  charge  (the 
difference  between  the  numbers  of  electrons  and 
positrons)  does  not  change  sign  during  acceleration  in  the 
positron  linac. 

To  find  out  the  parameter  set  which  gives  this  same 
change  in  sign  of  the  net  accelerated  charge,  the  starting 
phase  (WTO)  with  the  fixed  RF  field  phases  of 
accelerating  sections  of  the  positron  linac  have  been 
variated.  Results  of  the  calculations  are  shown  in  Fig.  4. 
The  total  charge  after  AS#6  changes  sign  in  a  narrow 
region  of  the  starting  phases.  Unfortunately  the  energy 
gain  in  this  region  is  very  small,  i.e.  the  regime  with 
changing  of  the  charge  sign  is  not  optimal  to  obtain  the 
maximal  energy  of  positrons.  To  increase  the  final 
positron  energy  to  about  200  MeV  [6]  the  appropriate  RF 
phases  of  AS#6  -  AS#8  have  been  chosen.  As  result  the 
total  charge  of  the  beam  becomes  near  zero  after  AS#6. 
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Figure:  4  Number  of  particles  and  the  reference  particle 
energy  at  the  end  of  AS#6. 

The  tuning  of  the  quad  gradients  was  made  to  maximize 
the  energy  spectrum  of  the  beam.  Fortunately  the 
gradients  in  quads  between  AS#5  -  #6  and  AS#6  -  #7  do 
not  significantly  influence  on  the  positron  current  at  the 
end  of  AS#8.  The  gradients  of  the  triplet  between  AS#7  - 
#8  noticeably  affect  the  positron  transmission..  For 
example,  the  changing  of  the  gradients  on  the  value  of 
100  G/cm  remove  the  positron  losses  in  AS#8. 

To  estimate  the  efficiency  of  the  new  klystron 
installation  the  new  (improved)  case  was  simulated.  This 
new  variant  differs  from  existing  one  by  improved 
accelerating  gradient  in  AS#5  and  #6,  correspondingly 


tuned  lenses  gradients  and  bending  magnet  field,  and 
decreased  on  10%  the  magnet  field  of  AS#6  solenoid. 
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Figure:  5  Positron  transmission  through  the  positron 
linac. 

The  comparison  of  the  simulation  results  for  the  input  RF 
power  15  MW  and  24  MW  is  shown  in  Fig.  5.  It  can  be 
seen  that  the  positrons  yield  at  the  end  of  the  positron 
linac  has  increased  about  70%.  Additionally  the  average 
positron  energy  gain  increases  about  20%:  from  200  MeV 
to  235  MeV.  The  summary  plot  of  the  total  beam  charge 
transmission  through  the  positron  linac  and  the  dipole 
magnet  is  shown  in  Fig.  6. 

fulchar.grf  (lulch.slk) 
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O  -  Simulation  (15  MW,  WT0=-81  deg.) 
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Figure:  6  Total  charge  transmission  through  the  positron 
linac. 
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Abstract 

The  2  GeV  electron  linac  at  the  Pohang  accelerator 
laboratory  (PAL)  has  been  operated  continuously  as  a 
full  energy  injector  since  its  completion  on  December 
1994.  The  linac  system  has  been  continuously 
upgraded  to  improve  overall  system  stability  and 
reliability,  as  well  as  to  increase  final  injection  energy 
to  2.5  GeV.  Eight  klystron  tubes  out  of  11  tubes  are 
survived  since  the  beginning  of  linac  operation.  The 
average  high  voltage  operation  time  of  the  survived 
klystrons  (E-3712,  Toshiba)  has  been  reached  near 
35,000  hours  as  of  December  1998.  Current  overall 
system  availability  is  well  over  90%.  In  this  paper,  we 
report  the  major  linac  system  performance  as  well  as 
relevant  machine  statistics,  the  electron  beam  parameter 
measurement,  and  operational  characteristics  of  cooling 
water  system. 

1  INTRODUCTION 

PLS  linac  [1]  has  been  injecting  2-GeV  electron  beams 
to  Pohang  Light  Source  (PLS)  storage  ring  (SR)  since 
September  1994.  The  linac  klystron  modulator  system 
(K&M  system)  has  started  its  normal  operation  at  the 
end  of  1993,  and  the  total  accumulated  high  voltage  run 
time  of  the  oldest  unit  has  reached  beyond  40,000 
hours.  At  the  end  of  1997  we  have  installed  one  more 
additional  K&M  module  (total  12  modules  with  44 
accelerating  structures)  for  the  higher  beam  energy 
margin.  The  K&M  system  is  normally  operating  in  70 
to  80%  of  the  rated  peak  power  level  to  avoid  the 
multipactoring  phenomena  occurring  occasionally  in 
random  fashion  in  the  waveguide  networks  and 
accelerating  structures.  The  sum  of  all  the  high  voltage 
run  time  of  the  K&M  system  is  approximately  420,000 
hours  as  of  December  1998. 

In  this  paper  we  have  reviewed  overall  system 
performance  statistics  of  the  high  power  K&M  system 
of  the  PLS  linac  for  the  period  of  September  1994  to 
December  1998.  In  addition,  the  construction  of  the 
MK12  module  and  the  bunch  length  of  electron  beam 
measurement  and  the  cooling  water  system  are 
reviewed. 

2  K&M  SYSTEM  OVERVIEW 

Key  features  of  the  K&M  system  design  include  3- 
phase  SCR  phase  controlled  DCHV  power  supply, 


resonant  charging  of  the  PEN,  resistive  De-Q'ing,  end- 
of-line  clipping  with  thyrite  disks,  pulse  transformer 
with  1:17  step-up  turns  ratio,  and  high  power  thyratron 
switch.  The  major  operational  parameters  of  the  K&M 
system  (PLS-200MW  modulator)  are  listed  in  Table- 1. 


Table  1:  K&M  operation  parameter  summary. 


Peak  beam  power 

200MW max.  (400kV  @500A) 

Beam  vol.  pulse  width 

ESW  7.5ps,  4.4fj.s  flat-top 

Pulse  rep.  rate 

120pps  max.  (currently  30pps) 

PFN  impedance 

2.64Q  (5%  positive  mismatch) 

Voltage  stabilization 

SCR,  DC  feedback  & 

5%  De-Q'ing 

Pulse  transformer 

l:17(tum  ratio), 

L,  :1.3pH,  C„:69nF 

Thyratron  switch 

heating  factor:  46.8xl09VApps, 
8.5kA  peak  anode  current 

Klystron  tube 

drive  power: -300W, 
efficiency.:40%,  gain:~53dB, 
peak  power:  80/65  MW 
(currently  running  at  50  to 
65MW) 

For  the  fault  free  stable  operation  of  the  system  the 
thyratron  tube  is  one  of  the  most  important  active 
components  which  require  continuous  maintenance  and 
adjustment.  Performance  evaluations  of  the  thyratrons 
are  underway.  This  effort  is  initiated  to  improve  the 
system  from  the  frequent  occurring  fault  caused  by  the 
irregular  recovery  action  of  the  thyratrons,  which 
strongly  depends  upon  the  reservoir  control. 

There  are  three  types  of  system's  interlocks,  namely 
dynamic,  static,  and  personal  protection  interlocks.  All 
the  static  fault  activation  is  initiated  by  the  relay  logic 
circuit,  and  dynamic  faults  which  require  fast  action 
response  are  activated  using  the  electronic  comparator 
circuit.  When  the  system  operation  is  interrupted  by  the 
static  fault  it  can  be  recovered  either  by  the  automatic 
remote  control  computer  or  by  the  manual  reset  switch. 

3  SYSTEM  AVAILABILITY  STATISTICS 

Since  the  completion  of  the  PLS  2-GeV  linac  in 
December  1993  all  the  K&M  systems  have  been 
operating  continuously  except  scheduled  short  term  and 
long  term  maintenance  shut  down.  Fig.  1  shows  the 
accumulated  run  times  of  klystron  and  thyratron  tubes 
as  of  December  23,  1998.  As  one  can  see  in  the  figure 
rather  shorter  bars  indicate  that  corresponding  tubes 
have  been  replaced  at  least  once  or  more. 
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Figure  1:  Run  time  statistics  of  all  klystron  and 
thyratron  tubes  (as  of  December  23,  1998).  Klystron  : 
M01  :  SLAC  5045  tube,  M02  :  2nd  tube  (1995/8/15,  magnet 
coil  shorting),  M06  :  2M  tube  (1997/2/25,  gun  arcing),  M08  : 
2nd  tube  (1997/3/28,  heater  open),  M12  :  new  module 
(1997/10/14,  system  upgrade),  Thyratron  :  ITT  F-303  :  8  tube 
(M01,  M04,  M07,  M08,  M09,  M10,  Mil,  M12),  EEV 
CX1836A  :  2  tube  (M03,  M05),  LITTON  L-4888  :  2  tube 
(M02,  M06) 

Table  2:  K&M  system  availability  of  the  PLS  linac. 


Operation 

period 

1994 

1995 

1996 

1997 

1998 

Total 

Total  no.  of 
modulators 

11 

11 

11 

11 

12 

11.2 

Operation 
time  (hr) 

2928 

7152 

6432 

7128 

6816 

30456 

Total  failure 

counts 

103 

175 

131 

130 

289 

828 

Total  down 
time  (hr) 

563 

1076 

413 

529 

468 

3049 

Modulator 
MTTF  (hr) 

313 

450 

540 

603 

283 

412 

System 

MTTF  (hr) 

28 

41 

49 

55 

24 

37 

MTTR 

(hr/failure) 

5 

6 

3 

4 

2 

4 

Availability 

(%) 

81 

85 

94 

93 

93 

90 

In  fact  we  have  replaced  total  3  klystrons  and  15 
thyratrons  during  the  total  -430,000-hr  of  operation 
time  (run  time  sum  of  all  12  K&M  modules).  Machine 
availability  analysis  has  been  performed  based  on  the 
data  using  the  techniques  described  in  detail  in 
reference  [2],  The  results  are  summarized  in  Table-2. 

During  the  early  phase  of  the  operation,  from  the  late 
1993  to  early  1995,  relatively  low  machine  availability 
had  been  obtained.  This  is  due  to  the  maintenance  crew 
training  as  well  as  system  debugging  exercise.  Most  of 
time  for  the  repair  had  been  spent  for  the  extensive 
system  diagnostics.  The  major  changes  that  we 


implemented  at  the  beginning  of  1996  were  the 
computer  controlled  automatic  static  fault  reset  and  the 
modification  of  the  circuit  breaker  (CB)  trip  interlock. 
They  greatly  contributed  to  the  improved  availability 
reaching  over  90%  as  shown  in  the  Table-2. 

It  has  been  observed  that  the  most  frequent  system 
fault  is  the  circuit  breaker  (CB)  trip.  This  is  mainly  due 
to  the  problems  in  thyratron  recovery  characteristics 
which  depend  on  the  elaborate  reservoir  ranging 
(hydrogen  gas  pressure  control  in  the  tube).  Thyratron 
tubes  require  ranging  adjustment,  and  according  to  our 
experience  they  are  very  sensitive  to  the  effects  which 
may  cause  internal  gas  pressure  change.  Once  out  of 
normal  operating  point,  self-fire  or  miss-fire  can  occur. 

Other  occasional  troubles  were  corona  discharges  that 
are  found  to  occur  when  there  are  bad  contacts  in  high 
voltage  components.  It  has  been  found  also  that  even  a 
small  corona  discharge  disturbs  the  ground  potential, 
which  are  configured  to  have  a  single  point  ground 
connection  inside  the  modulator,  causing  noise 
interference  in  digital  displays  as  well  as  SCR  phase 
controls. 

4  CONSTRUCTION  OF  THE  MK12 
MODULE 

The  MK12  module  of  the  linac  system  has  been 
constructed  and  operated.  This  contributes  to  an 
improvement  of  the  linac  energy  margin.  The 
installation  view  of  MK12  system  in  linac  tunnel  is 
shown  in  Fig.  2.  The  MK12  module  consists  of  two 
accelerating  columns  supplied  with  the  rf  power  by  one 
klystron  of  80  MW  peak  and  in-house  made  modulator 
of  200  MW  peak  and  one  pulse  compressor.  The 
auxiliary  systems  such  as  vacuum  and  cooling  water 
were  established  through  extending  the  existing 
systems.  At  commissioning,  we  obtained  the  maximum 
beam  energy  of  about  147  MeV. 


Figure  2:  Installed  view  of  the  MK12  module  in  linac 
tunnel. 


5  ELECTRON  BEAM  PARAMETER 
MEASUREMENT 

We  are  under  measurement  of  electron  beam 
parameters  such  as  the  transverse  emittance,  bunch 
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lengths  and  others.  In  standard  injection  mode  into  SR, 
electron  beam  current  of  1 A  is  transmitted  to  the  end  of 
the  linac.  The  bunch  length  data  are  collected  by  using 
an  optical  transition  radiation  measurement.  The  bunch 
lengths  as  the  usual  SR  injection  were  measured  to  be 
about  12  ps.  Fig.  3  shows  the  streak  camera  image  of 
the  bunch  train  in  one  electron  beam  pulse.  Beam 
parameter  measurements  at  the  pre-injector  and  linac 
end  will  be  continued.  Details  of  the  beam 
measurement  result  can  be  found  elsewhere  [3], 


Figure  3:  An  example  of  streak  camera  image  of  the 
bunch  train  in  one  beam  pulse 

6  OPERATIONAL  CHARACTERISTICS 
OF  COOLING  WATER  SYSTEM 

The  total  operation  time  of  the  PLS  linac  cooling  water 
system  has  reached  about  38,000  since  its  normal 
operation  from  Dec.  1993.  At  present,  the  cooling  water 
system  shows  99%  availability.  The  status  of  system 
troubles  or  faults  has  been  daily  checked,  and 
maintained  during  the  regular  preventive  maintenance 
period.  The  temperature  control  within  45±0.2  °C  for 
the  rf  phase  stability  of  accelerating  components  has 
been  successfully  conducted  with  precision  closed-loop 
cooling  water  system  temperature  controllers. 


Figure  4:  The  rf  waveform  of  pulse  compressor  output 
power;  within  temperature  control  of  45±0.2  °C  (left) 
and  beyond  temperature  control  of  45±0.5  °C  (right) 


An  example  of  the  output  power  waveform  of  pulse 
compressor  is  shown  in  Fig.  4.  Through  the  periodic 
tuning  test,  the  system  is  optimized  so  that  the  rf  phase 
of  the  linac  accelerating  components  including  pulse 
compressors  is  sustained  very  stable  by  adjusting 
temperature  control  variation  of  the  structures. 

7  SUMMARY 

It  has  been  over  5  years  since  the  PLS  2-GeV  linac  has 
started  its  normal  operation.  We  have  analyzed  the 
klystron  modulator  system  performance  record  for  the 
period,  which  is  the  major  source  of  the  beam  injection 
failure.  It  is  observed  that  the  average  lifetime 
expectancy  of  the  klystron  is  over  25,000-hr,  and  it  is 
getting  longer.  Lifetime  of  the  thyratron  tube  also 
appears  to  be  reasonable  except  the  occurrence  of  the 
infant  failure,  however  the  major  improvement  is 
necessary  for  the  reservoir  control  which  is  the  main 
source  of  the  system  trouble.  The  machine  availability 
statistics  of  the  K&M  system  for  the  beam  operation 
mode  is  calculated  to  be  over  90%.  It  appears  that  there 
are  still  lots  of  rooms  for  the  improvement  of  the 
availability  more  than  95%  with  a  smart  design  of  the 
protection  circuits  and  control  schemes.  The  MK12 
module  of  the  linac  system  was  added,  and  the 
additional  beam  energy  of  about  147  MeV  was 
acquired.  The  beam  bunch  length  during  normal  SR 
injection  was  measured  to  be  about  12  ps.  To  research 
the  characteristics  of  electron  beam  of  linac,  beam 
parameters  measurement  at  the  pre-injector  and  linac- 
end  will  be  continued.  The  cooling  water  system  has 
performed  with  99%  availability.  Through  the 
temperature  control  within  45±0.2°C  ,  the  rf  phase  of 
pulse  compressor  output  power  is  maintained  very 
stable. 
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Abstract 

The  stability  of  the  beam  energy  and  energy  spread  at  both 
the  1-GeV  S-band  linac  and  the  8-GeV  synchrotron  ring 
are  crucial  factors  for  determining  the  injection  time  for 
the  storage  ring.  Since  the  linac  has  a  lot  of  high-power  RF 
equipment,  any  drift  of  the  output  power  and  phase  from 
the  various  type  of  RF  equipment  will  affect  the  beam  en¬ 
ergy  in  beam  operation.  We  measured  the  output  power  and 
phase  stability  for  many  types  of  RF  equipment. 

In  order  to  investigate  the  drift  of  the  RF  parameters  in 
the  klystrons,  which  can  be  influenced  by  outside  factors, 
the  cooling  water  temperature  and  the  environmental  tem¬ 
perature  were  also  measured.  It  turns  out  that  the  phase 
of  klystrons  coincide  with  the  cooling  water  temperature 
drift.  Although  controlled  by  an  air  conditioning,  the  room 
temperature  can  vary  about  4.0°C  in  the  course  of  a  day, 
affecting  the  high-power  klystron  drive  system. 

After  improvements  of  the  air  conditioning  control  sys¬ 
tem  and  the  cooling  water  system  for  the  klystron  cavities, 
a  beam  current  stability  was  reduced  to  0.7%  (lcr)  from 
9.0%  (lcr)  in  beam  operation. 

1  INTRODUCTION 

The  1-GeV  linac  of  SPring-8  consists  of  a  thermionic  gun, 
a  bunching  system  and  26  accelerating  structure  columns. 
The  linac  is  able  to  produce  three  kinds  of  the  beam  pulse 
widths  (1  nsec,  10-40  nsec  and  1  /i sec)  that  are  requested 
by  the  storage  ring  operation  mode;  single  bunch  operation 
and  multi  bunch  operation.  In  normal  beam  operation  at 
two- week  or  three-week  intervals,  the  beam  is  injected  into 
the  storage  ring  two  times  a  day.  In  order  to  realize  unifor¬ 
mity  of  the  bunch  train  in  the  storage  ring,  it  has  to  satisfy 
the  requirements  of  both  the  reproduction  and  stabilization 
of  beam  energy  at  the  injector  linac,  which  has  a  lot  of  high- 
power  RF  equipment.  The  energy  stability  as  well  as  the 
beam  change  transmission  has  been  a  very  important  issue 
for  stable  synchrotron  ring  injection  since  the  operation  of 
the  synchrotron  ring  began  in  December  1996.  In  order 
to  investigate  the  stability  of  the  beam  current  and  energy 
at  the  1-GeV  linac-synchrotron  beam  transport  (LSBT)  as 
illustrated  in  Fig.  1,  the  beam  current  was  measured  by  a 
wall  current  monitor  placed  on  the  1-GeV  straight  line  and 
after  the  1-GeV  bending  magnet  while  using  a  beam  slit  to 
permit  an  energy  spread  of  1.0%.  The  result  of  this  mea¬ 
surement  is  shown  in  Fig.  2.  Though  there  was  no  change 
in  operating  conditions  during  the  measurement,  the  beam 
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trigger  was  stopped  six  times  for  such  reasons  as  the  vac¬ 
uum  deterioration  at  the  RF  power  line  and  excessive  cur¬ 
rent  of  the  klystron  modulator.  It  was  observed  that  the  drift 
of  the  beam  current  had  a  period  of  25  minutes  at  the  LSBT. 
In  addition,  beam  drift  for  the  10  hours  was  also  observed. 
The  following  are  considered  drift  factors:  change  in  vac¬ 
uum  pressure,  the  high-power  klystron  drive  system  that 
depends  on  the  environmental  temperature,  and  the  reso¬ 
nant  frequency  of  klystron  cavities  that  depend  on  the  cool¬ 
ing  water  temperature.  Furthermore,  the  shot-by-shot  cen¬ 
ter  energy  fluctuation  was  expected  to  be  caused  by  PFN 
voltage  fluctuation  of  the  13-set  klystron  modulator,  along 
with  the  jitter  of  the  modulator  and  thyratron  triggers. 


Wall  Current  Monitor 
(WCM-M20) 


Wall  Current  Monitor 
(WCM-LS) 


ICeV  Linac  Down  Stream 


BPM 

Linac  Syncrtron  Beam  Transport  (LSBT) 


Figure  1 :  Layout  of  linac-synchrotron  beam  transport. 
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Figure  2:  Drift  of  beam  current  at  1-GeV  straight  line  and 
after  1-GeV  bending  magnet  using  a  beam  slit  to  permit 
energy  spread  of  1.0%. 


2  MEASUREMENT  AND  ANALYSIS 

2.1  RF  system 

The  schematic  of  the  RF  system  for  the  linac  is  shown 
in  Fig.  3.  The  RF  system  consists  of  a  7  MW  booster 
klystron  (MELCO  PV2012)  drive  system,  another  high- 
power  klystron  drive  system,  and  a  13-set  80  MW  klystron 
(TOSHIBA  E3712).  Each  klystron  feeds  into  two  3-m 
long  accelerating  structures  with  the  exception  of  the  HO 
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Figure  3:  Schematic  of  RF  composition. 


klystron,  which  feeds  into  a  3-m  long  accelerating  struc¬ 
ture  at  the  60  MeV  pre-injector.  In  addition,  a  reference 
line  is  provided  for  the  phase  measurement  and  feedback 
system  [1], 

The  2856  MHz  CW  output  of  a  master  oscillator  is  di¬ 
vided  into  two  signal  lines.  One  of  these  lines  is  modu¬ 
lated  by  a  1~4  //sec  pulse  width  and  60  Hz  repetition  rate 
by  a  PIN-diode  pulse  modulator,  and  the  optimum  input 
power  of  the  booster  klystron  is  fed  by  a  300  W  TWT 
amplifier.  Another  line  is  provided  for  the  reference  line 
through  a  low-wattage  CW  amplifier.  The  output  power 
of  the  booster  klystron  is  fed  into  two  2856  MHz  pre- 
buncher  cavities  and  a  2856  MHz  standing  wave  13-cell 
side  couple-type  buncher.  The  klystron  drive  system  has 
a  70  m  waveguide  with  directional  couplers  and  feeds  into 
the  power  attenuator/phase  shifter  (I^A)  placed  at  each  80 
MW  klystron.  The  13-set  klystron  is  operated  in  the  region 
from  40  MW  to  60  MW  in  normal  operation. 

2.2  Measurement  system 

The  RF  power  and  phase  were  measured  by  using  a  cal¬ 
ibrated  crystal  detector  and  a  double  balanced  mixer,  re¬ 
spectively.  In  particular,  it  was  necessary  to  guarantee  the 
phase  stability  of  the  reference  line  (design  value  was  0.25 
deg./°C  at  70  m)  with  regard  to  the  phase  measurement. 
In  order  to  confirm  the  high  stability  at  the  reference  line, 
the  phase  was  measured  by  a  comparison  between  the  in¬ 
put  wave  and  the  reflected  wave  from  the  termination  of 
the  reference  line  during  one  day.  This  measurement  re¬ 
sult  was  0.8  deg./3.0°C,  which  was  in  agreement  with  the 
design  value. 

The  following  devices  were  chosen  as  the  RF  equip¬ 
ment  for  the  measurement:  the  master  oscillator,  the  TWT 
amplifier,  the  booster  klystron,  the  drive  line  at  the  M14 
klystron  (about  60  m  from  the  booster  klystron)  and  the 
80  MW  klystron  (Ml 4  klystron).  In  this  measurement,  the 
RF  pulse  width  was  set  at  2.2  //sec.  The  2.2  //sec  pulsed 
signal  from  the  crystal  detectors  and  the  mixers  were  mea¬ 
sured  with  oscilloscopes  whose  triggers  were  synchronized 
with  the  beam  trigger.  All  of  the  oscilloscopes  and  the 
data-taking  recorders  used  for  temperature  measurement 
were  controlled  by  a  sub-control  computer  (PC)  through 
the  GPIB.  The  data  acquisition  program  was  done  for  all 


of  the  oscilloscopes  in  the  stop  condition  in  order  to  obtain 
the  simultaneity  of  each  RF  equipment  state  and  the  beam 
timing.  The  data  acquisition  was  completed  after  compen¬ 
sation  of  the  calibration  value  and  attenuation  level  for  the 
pulse  signal  from  each  piece  of  equipment.  This  series  of 
measurements  was  operated  routinely  every  15  sec. 

2.3  Measurement  and  analysis 

This  RF  measurement  was  carried  out  during  the  period  of 
one  month.  The  power  stability  of  the  master  oscillator  and 
the  TWT  amplifier  was  less  than  0.5%,  equal  to  the  accu¬ 
racy  of  the  measurement,  and  the  phase  stability  was  less 
than  0.2  deg.,  equal  to  the  accuracy  of  the  measurement. 
The  long  term  drift  was  related  to  the  room  temperature, 
which  was  controlled  so  as  to  take  priority  of  the  humidity 
at  the  klystron  gallery.  The  phase  drift  of  the  high-power 
klystron  drive  system,  which  depends  on  the  environmen¬ 
tal  temperature,  was  10.0  deg./4.0°C  through  one  day  as 
shown  in  Fig.  4. 

The  high-power  RF  components  including  klystron  cav¬ 
ities  and  waveguide  had  been  temperature  conditioned 
within  3.0°C  by  the  cooling  water  except  for  the  accel¬ 
erating  structure,  which  was  controlled  by  cooling  water 
regulated  within  0.1  °C.  The  power  stability  for  the  booster 
klystron  was  retained  under  0.5%.  However,  the  phase 
drift  that  depends  on  the  cooling  water  temperature  was  1 .2 
deg./3.0°C  with  a  period  of  25  minutes.  Furthermore,  the 
power  and  phase  drift  of  the  80MW  klystron  (M14),  which 
depends  on  the  cooling  water  temperature,  were  less  than 
1 .0  MW/3.0°C  under  50  MW  operation  and  2.4  deg./3.0°C 
with  a  period  of  25  minutes  as  shown  in  Fig.  5. 

The  power  and  phase  drift  of  klystron  were  not  only  af¬ 
fected  by  the  cooling  water  temperature,  which  had  a  pe¬ 
riod  of  25  minutes,  but  also  by  an  random  variation  was 
caused  by  fluctuation  of  the  PFN  voltage  at  the  80  MW 
klystron  pulse  modulator.  Although  the  PFN  voltage  of  all 
of  the  pulse  modulators  had  to  be  regulated  with  the  sta¬ 
bility  of  ±0.5%  by  the  de-Qing  system,  the  PFN  voltage 
fluctuation  of  the  M 14  pulse  modulator  was  ±1.0%  due  to 
the  inadequate  adjustment  of  the  de-Qing  efficiency.  The 
PFN  voltage  stability  of  all  the  pulse  modulators  in  contin¬ 
uous  operation  of  12  hours  is  given  in  Table  1 . 
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Figure  4:  Phase  drift  for  the  drive  line  at  M14 10 A 


Table  1:  PFN  voltage  stability  of  the  pulse  modulators 
(measurement  time:  12  hours) 


Klystron 

Dispersion 

Dispersion 

Voltage 

(1<7)[%] 

(l<r)[%] 

(mean)[kV] 

Before 

adjustment 

After 

adjustment 

Booster 

137.3 

0.3 

0.16 

HO 

310.4 

1.1 

0.25 

HI 

337.3 

0.6 

0.21 

H3 

334.1 

0.8 

0.22 

H5 

353.5 

0.3 

0.22 

M2 

- 

- 

- 

M4 

338.2 

0.4 

0.20 

M6 

351.8 

0.4 

0.21 

M8 

350.3 

0.4 

0.20 

M10 

- 

- 

- 

M12 

337.4 

0.6 

0.22 

M14 

325.6 

1.0 

0.22 

M16 

- 

- 

- 

M18 

364.1 

0.6 

0.19 

Before  tmprovcmenta/RF  measQBKIy AM  14  02/25/98 


Phase@M14  klystron 
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After  improvements/RF  raeas@Bkly&M14  10/11/98 
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■ 
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Figure  5:  Phase  drift  for  the  80  MW  klystron  (Ml 4) 
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Figure  6:  Log  data  of  beam  current  and  center  energy 

(lcr)  and  a  center  energy  of  0.1%  (lcr)  at  the  LSBT  that 
was  equipped  a  wall  current  monitor  and  a  beam  position 
monitor.  Figure  6  shows  the  log  data  of  the  beam  current 
and  center  energy  at  the  LSBT. 


2.4  Results  after  improvements 

In  order  to  reduce  the  long  term  phase  drift  of  the  high- 
power  klystron  drive  system,  its  70  m  waveguide  was  cov¬ 
ered  with  a  heat  insulator.  In  addition,  the  priority  of  hu¬ 
midity  control  was  replaced  by  the  priority  of  room  temper¬ 
ature  control  in  the  klystron  gallery.  After  these  improve¬ 
ments,  the  phase  drift  of  the  high-power  klystron  drive  sys¬ 
tem  was  achieved  at  levels  smaller  than  3.0  deg.  through 
one  day  as  shown  in  Fig.  4.  In  the  cooling  water  control 
for  klystron  cavities,  the  fan  control  of  the  coolant  tower 
had  been  improved  to  continuous  rotation  by  using  an  in¬ 
verter  control  from  a  switching  system  like  an  on/off  con¬ 
trol.  After  this  improvement,  the  phase  stability  of  the 
klystrons  were  reduced  to  within  0.5  deg.  as  shown  in 
Fig.  5.  Readjustment  was  made  to  the  specified  de-Qing 
efficiency  value  of  7.0%,  so  that  the  PFN  voltage  stability 
achieved  0.2%  (lcr)  for  each  klystron  as  shown  in  Table  1 . 

The  reproduction  and  stability  of  the  beam  status  after 
the  above  improvements  realized  a  beam  current  of  0.7% 


3  CONCLUSION 

In  order  to  realize  of  the  high-stability  beam  injection  into 
the  storage  ring,  we  investigated  the  cause  of  the  drift  of 
the  output  power  and  phase  for  many  type  of  RF  equip¬ 
ment.  After  making  improvements  in  the  utility  based  on 
the  measurement  results  of  these  types  of  RF  equipment, 
the  stability  of  beam  current  in  LSBT  could  be  maintained 
within  0.7%  (lcr)  without  using  a  energy  feedback  system. 
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A  100  MEV  INJECTOR  LINAC  FOR  THE  SWISS  LIGHT  SOURCE 

SUPPLIED  BY  INDUSTRY 

M.  Peiniger,  C.  Piel,  H.  Vogel,  P.  vom  Stein,  ACCEL  Instruments,  Bergisch  Gladbach,  Germany 


Abstract 

A  100  MeV  ‘turn-key’  injector  electron  linac  for  the  Swiss 
Light  Source  (SLS)  is  under  construction  at  ACCEL 
Instruments.  The  system  will  be  installed,  commissioned 
and  handed  over  to  the  SLS  in  late  1999,  after  a  18  month 
design  and  production  period. 

This  paper  will  present  the  special  needs  of  an  injector  for 
a  third  generation  synchrotron  light  source  and  the  two 
specific  modes  of  operation  for  this  linac.  The 
specification  of  the  system  and  a  description  of  the  design 
results  as  well  as  the  planned  technical  realisation  will  be 
given. 

1  REQUIREMENTS  FOR  THE  SLS 
INJECTOR  SYSTEM 

A  third  generation  synchrotron  light  source  is  equipped 
with  several  types  of  insertion  devices  such  as  wigglers, 
undulators  and  wavelength  shifters. 

These  devices  can  be  driven  in  several  operation  modes. 
To  drive  a  Free  Electron  Laser  for  example  a  single  bunch 
mode  operation  is  required.  This  results  in  single  and 
multi  bunch  operation  modes,  to  fulfil  the  different  needs 
of  the  users. 

1.1  General  specification 

The  SLS  accelerating  system  will  consist  of  a  100  MeV 
Linac  and  a  full  energy  booster.  The  general  parameters 
[1]  of  the  linac  are  listed  in  the  following  table  1: 


Table  1:  General  Specifications 


RF  frequency 

2.997921  GHz 

Max.  repetition  rate 

10  Hz 

Energy 

100  MeV 

1.2  Pulse  modes 

Two  modes  of  operation  are  foreseen.  One  single  bunch 
mode1  and  one  variable  multi  bunch  mode.  The  multi 
bunch  mode  will  cover  the  range  on  50-500  bunches.  To 
reduce  the  effect  of  beam  loading  the  multi  bunch  mode 
will  carry  the  same  charge  as  the  single  bunch  mode.  The 
basic  parameters  of  both  modes  are  given  in  table  2. 

In  addition  the  SLS  layout  foresees  a  top  up  injection 
mode,  this  mode  will  deliver  a  low  current  to  the  storage 


1  In  this  context  the  bucket  length  of  the  ring  rf  system  defines 
the  bunch  length  of  2  ns 


ring,  to  keep  the  mean  current  in  the  storage  ring  nearly 
constant. 


Table  2:  Operation  Modes 


Short 

Pulse 

Long  Pulse 

Pulse  length 

1  ns 

100-1000  ns 

Pulse  charge 

1.5  nC 

1.5  nC 

Emittance 

50  k  mm 
mrad 

50  k  mm 
mrad 

Energy 

100  MeV 

100  MeV 

AE/E 

0.5% 

0.5  % 

2  LAYOUT  OF  THE  SYSTEM 

The  main  components  of  the  injector  system  are  based  on 
components  which  were  developed  for  the  S-Band  Test 
Facility  (SBTF)  at  DESY  2.  Adopting  these  components 
for  the  special  needs  of  the  SLS  project  took  place  during 
the  design  phase. 

To  fulfil  the  requirements  the  system  consists  of  three 
functional  sections: 

•  The  electron  source 

•  The  bunching  section 

•  The  accelerating  structures 


Figure  1:  General  Layout 


2.1  The  electron  source 

The  electrons  will  be  provided  by  a  90  kV  DC 
conventional  electron  source  as  shown  in  Figure  2.  The 
electron  emitter  is  a  standard  EIMAC  cathode  YU- 171. 

The  pulser  for  the  electron  source  comprises  two  systems, 
one  for  the  single  bunch  and  one  for  the  multi  bunch 
mode.  In  the  single  bunch  mode  a  1  ns  pulse  carrying  3  nC 
will  be  sufficient  to  guarantee  1.5  nC  at  the  end  of  the 
Linac.  The  multi  bunch  mode  will  be  modulated  by  the 
499.652  MHz  main  ring  rf,  to  insure  a  high  bunch  purity. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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The  top  up  injection  mode  requires,  that  even  the  gun  is 
capable  of  producing  a  low  charge  pulse.  For  that  reason 
the  pulse  current  can  be  varied  by  a  factor  of  forty. 


100  kV  Ceramic  Isolator 


Vacuum  Port 


Figure  2:  90  kV  Electron  Source 

The  basic  parameters  of  the  cathode  are  listed  in  the 
following  table: 


2.2. 1  The  500  MHz  subharmonic  Prebuncher 

The  subharmonic  prebuncher  cavity  is  a  standard  nose- 
cone  cavity.  The  needed  rf  power  will  be  fed  into  the 
system  by  a  coaxial  line. 


Vl(Hn>irr 


Figure  4:  Layout  of  the  500  MHz  Prebuncher 

The  basic  parameters  of  the  buncher  are  given  in  the  table 
below: 


Table  3:  Parameters  of  the  Subharmonic  Prebuncher 


2.2.2  Travelling  Wave  Buncher  System 

Two  travelling  wave  bunchers  will  be  used  to  insure  a 
sufficient  bunching  in  order  to  reach  a  high  transmission 
rate  with  low  energy  spread. 


2.2  The  bunching  section 

The  bunching  section,  as  shown  below,  will  consist  of  a 
500  MHz  subharmonic  prebuncher  as  shown  in  Figure  4,  a 
4  cell  travelling  wave  buncher  as  sketched  in  Figure  5  and 
a  16  cell  travelling  wave  buncher  as  shown  in  Figure  6.  At 
the  exit  of  the  bunching  section  the  beam  will  have  an 
Energy  of  3  MeV. 


U  Cell  Travelling  Wave  Buncher 


Figure  3:  Bunching  Section 

To  compensate  space  charge  effects  and  rf  defocusing  the 
beam  is  focused  by  a  solenoid  magnetic  field  of  up  to  0.2 
Tesla.  This  field  will  be  produced  by  a  set  of  more  the  30 
pancake  coils,  which  guide  the  beam  until  it  reaches  an 
energy  of  10  MeV. 


The  first  2  n/ 3  mode  buncher  consist  out  of  four  cells  as 
shown  in  Figure  5.  The  layout  had  been  done  for  P=0.6. 


Figure  5:  4  Cell  2  Jt/3  mode  Buncher 


The  second  buncher,  as  shown  in  Figure  6,  is  optimised 
for  P=0.95,  consists  of  16  cells  and  will  be  operated  in  the 
871/9  mode. 


Figure  6:  16  Cell  8  n/9  Mode  Buncher 
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2.3  Travelling  Wave  Accelerating  Structure 

The  accelerating  structures  are  of  DESY  Linac  II  type. 


Table  4:  Parameters  of  the  Linac  II  Structures 


length 

m 

5.2 

attenuation 

Neper 

0.5 

group  velocity 

%  of  c 

3.3- 1.2 

filling  time 

ns 

750 

shunt  imped. 

Mfi/m 

52-62 

number  of  cells 

156 

Beside  DESY  we  also  want  to  thank  the  SLS  staff  at  PSI 
for  their  open  and  co-operative  acting. 
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3  DESIGN  RESULTS 

To  insure  the  performance  of  the  system  ACCEL  carried 
out  simulation  calculations  for  the  main  components  as 
electron  source  and  bunching  system. 

The  bunching  section  was  optimised  for  the  two  different 
modes  mentioned  above. 

The  subharmonic  prebuncher  will  focus  more  than  80%  of 
the  particles  into  one  3  GHz  bucket,  for  this  a  gap  voltage 
of  30  kV  is  needed. 

When  the  beam  enters  the  second  travelling  wave  buncher 
more  than  50%  of  the  particles  will  populate  20°  of  the 
central  3  GHz  bucket.  The  average  energy  is  about  400 
keV. 

Before  entering  the  first  accelerating  structure  80%  of  the 
particles  will  be  found  in  20°  of  the  central  bucket  at  an 
energy  of  about  3  MeV. 

After  passing  two  accelerating  structures  of  the  Linac  II 
DESY  type,  which  will  be  powered  by  moderate  18  MW, 
the  beam  will  have  reached  100  MeV.  An  overall 
transmission  of  96%  is  designed.  The  bunching  efficiency 
insures  that  more  then  85%  of  those  particles  are  within 
the  energy  spread  acceptance  of  the  booster  which  will  be 
+/-  1.5%. 


4  CONCLUSION 

This  paper  summarises  the  beam  requirements  of  the 
injector  linac  for  the  3rd  generation  light  source  SLS.  It  is 
shown  that  a  Linac  with  proven  and  reliable  technology 
can  fulfil  these  needs.  The  linac  components  and  the 
design  results  are  presented,  showing  that  the 
requirements  can  be  reached. 
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IMPROVED  ETA-II  ACCELERATOR  PERFORMANCE 


Abstract 


J.  T.  Weir.  J.  K.  Boyd,  Y-J  Chen,  J.  C.  Clark,  D.  L.  Lager 
and  A.  C.  Paul,  LLNL* 


Improvements  have  been  made  in  the  performance  of  the 
ETA-II  accelerator  that  allow  a  nominal  2  kA,  6  MeV 
beam  to  be  focused  to  a  spot  size  less  that  1  mm  in 
diameter.  The  improvements  include  reducing  the  energy 
sweep  to  less  than  +/-  0.5  %  over  40  ns  of  the  pulse 
using  a  real  time  energy  diagnostic  and  improving  the 
magnetic  tune  of  the  accelerator  to  reduce  the  emittance  to 
8  cm-mrad.  Finally,  an  automated  tuning  system 
(MAESTRO)  was  run  to  minimize  the  time  dependent 
centroid  motion  (corkscrew)  by  adjusting  the  steering 
dipoles  over  the  focusing  solenoids.  The  corkscrew 
motion  was  reduced  to  less  than  +/-  0.5  mm  at  the  output 
of  the  accelerator. 

1  INTRODUCTION 

The  Lawrence  Livermore  National  Laboratory  (LLNL)  has 
begun  using  the  Experimental  Test  Accelerator  (ETA  II) 
to  study  beam/target  interactions  at  the  x-ray  converter 
target  for  multiple  shot,  flash  radiography  experiments. 
The  issues  being  studied  involve  the  interaction  of  the 
electron  beam  with  the  plasma  that  forms  on  the  initial 
shot  and  how  the  plasma  affects  the  focusing  and  therefore 
spot  size  of  subsequent  shots.  Typical  multipulse  x-ray 
experiments  will  use  pulse  spacings  of  200  to  700 
nanoseconds.  ETA  II  cannot  run  at  a  repetition  rate  high 
enough  to  simulate  multiple  shots  on  target  so  we  have 
used  a  laser  to  produce  a  plasma  to  simulate  the  first 
“shot”  and  the  ETA  II  electron  beam  as  the  next  shot  in 
the  sequence.  To  correcdy  simulate  the  effects  that  will 
occur  in  DARHT  2  or  the  proposed  Advance  Hydrotest 
Facility  (AHF)  we  needed  to  achieve  a  beam  spot  density 
25.5  kA/cm2.  This  corresponds  to  focusing  the  2  kA 
beam  into  a  spot  size  of  less  than  1  mm.  FWHM.  This 
tight  focus  was  only  possible  after  improvements  were 
made  to  emittance,  energy  uniformity,  centroid  motion  of 
the  beam,  and  shot  to  shot  repeatability. 

2  EMITTANCE 

Using  standard  pepper  pot  techniques  the  emittance  of  the 
ETA  II  accelerator  was  measured  at  12  cm-mrad  when  it 
was  first  decommissioned.  This  is  real  emittance  measured 
in  rr’  space  (un-normalized  with  no  factor  of  n).  Earlier 
measurements  of  the  cathode  brightness  suggested  the 
transport  of  the  beam  was  leading  to  increased  emittance. 
Modeling  the  injector  and  the  first  10  cell  block  of  the 
accelerator  with  the  DPC  and  ST  codes  showed  that  in 
order  to  transport  the  low  energy  leading  and  trailing  edges 
of  the  current  pulse  we  were  running  the  first  anode 
magnet  too  low.  This  allowed  us  to  catch  the  low  energy 
part  of  the  pulse  without  over  focusing  but  required  a 
mismatched  condition  on  the  higher  energy  center  portion 


of  the  beam.  By  relaxing  the  constraint  of  maintaining  all 
current  through  the  first  cell  block,  we  were  able  to  adjust 


the  magnetic  profile  to  give  a  smoother  match  to  high 
energy  portion  of  the  beam.  Using  the  improved  injector 
matching  and  by  hand  tweaking  the  rest  of  the  accelerator 
around  the  theoretical  Bz  profile  we  were  able  to  reduce  the 
emittance  to  8  cm.  mrad.  at  the  end  of  the  accelerator. 
Because  the  final  beam  spot  size  is  dependent  on 
emittance,  this  30%  reduction  in  emittance  reduced  our 
spot  size  by  20%. 


Figure:  1  Energy  MeV 

3  ENERGY  UNIFORMITY 


Beam  spot  size  is  a  strong  function  of  the  beam  energy. 
Figure  1  shows  the  spot  size  variation  as  a  function  of  the 
energy  for  the  final  focusing  magnet  used  in  our  target 
experiments.  ETA  II  was  designed  to  give  an  energy 
flattop  of  about  40  ns..  Adjustments  to  the  energy 
uniformity  are  made  by  adjusting  the  timing  between  the 
four  MAG  D1  units  that  power  that  injector  and  the 
accelerator  gaps.  Moving  the  timing  of  the  accelerator 
pulse  power  with  respect  to  the  injector  will  change  the 
beam  loading  and  skew  the  energy  flatness.  Because  the  70 
ns.  beam  pulse  needs  to  fit  closely  under  the  70  ns. 
accelerating  pulse  these  timing  shifts  are  done  in  0.25  ns. 
steps.  Since  there  are  a  large  number  of  ways  to  time  the 
accelerator  MAG  D1  units  with  respect  to  the  injector,  we 
wrote  a  program  that  displays  the  reduced  data  from  the 
energy  analyzer  system  on  a  real  time  display  in  the 
control  room.  The  data  is  displayed  as  a  percent  diviation 
from  the  nominal  beam  energy.  By  observing  the  changes 
in  a  real  time  mode  and  adjusting  the  timing  of  the  pulse 
power  units  we  were  able  to  reduce  the  energy  variation 
across  the  flattop  portion  of  the  pulse  to  better  than  +/- 
0.5  %.  Figure  2  shows  the  energy  varriation  across  the 
center  40  ns.  of  our  beam  pulse. 
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Figure:  2  Energy  Variation 


Figure  :  3  Centroid  Motion  Inside  a  1mm  Radius  Circle 


4  BEAM  CEMTROID  MOTION 

Beam  centroid  motion  (corkscrew)  will  also  cause  an 
effective  growth  in  the  final  beam  spot  size.  Corkscrew  is 
caused  by  a  combination  of  energy  variations  in  the  beam 
and  traversing  the  focusing  magnets  off  the  center  axis. 
Minimizing  the  corkscrew  is  accomplished  by  tuning  the 
steering  magnets  that  are  wrapped  around  each  of  the 
solenoid  magnets  in  the  accelerator.  We  have  developed 
an  automated  tuning  system,  MAESTRO,  that  can  tune 
the  entire  accelerator  steering  system  in  about  one  hour. 
Modeling  of  our  tuning  system  showed  an  error  in  our 
basic  approach  to  adjusting  the  steering  coils.  There  are 
twenty  steering  coils  on  each  ten  cell  block  (an  x  and  a  y 
coil  for  each  solenoid)  but  only  one  pair  of  resistive  wall 
monitors  (beam  bugs)  after  each  ten  cell  block.  In  our  old 
mode  of  operation,  we  would  tune  each  pair  of  steering 
coils  and  work  our  way  through  the  cell  block  trying  to 
maintain  the  beam  on  center  at  the  end  of  the  cell  block. 
Simulations  showed  it  was  very  easy  to  get  the  beam 
oscillating  through  the  cell  block  with  larger  and  larger 
steering  corrections  needed  to  bring  the  beam  back  to 
center.  By  using  only  the  steering  at  the  first  cell  to  bring 
the  beam  through  on  center  and  the  steering  at  the  last  cell 
to  remove  the  angle  we  were  able  to  avoid  large 
excursions  through  the  cell  block.  It  can  be  shown 
analytically  that  this  is  all  the  steering  that  is  necessary  to 
reduce  the  corkscrew  to  a  minimum.  Figure  3  shows  the 
data  from  our  beam  bug  at  the  end  of  the  accelerator.  The 
data  is  taken  from  a  single  shot  and  is  the  radial  excursion 
of  the  beam  centroid.  The  forty  data  points  inside  the  1 
mm.  radius  circle  are  the  beam  centroid  position  at  1  ns. 
intervals  through  the  40  ns.  of  beam  flattop. 


5  SHOT  TO  SHOT  REPEATABILITY 

Historically,  ETA  II  was  designed  to  run  in  a  burst  mode 
at  5  KHz.  This  required  large  capacitor  banks  to  store  the 
energy  and  complex  charging  and  switching  circuitry  to 
run  the  MAG  ID  units  at  this  repetition  rate.  We  have 
removed  the  capacitor  banks  and  the  charging  and 
switching  circuitry  and  replaced  them  with  off  the  shelf, 
well  regulated  power  supplies.  This  has  eliminated  the 
largest  source  of  shot  to  shot  jitter  on  the  accelerator.  In 
our  new  configuration  we  have  reduced  the  timing  jitter  on 
the  pulse  power  units  to  below  +/-  0.25  ns.  This  is 
below  the  incremental  step  size  of  the  timing  adjustment 
and  gives  the  accelerator  excellent  shot  to  shot 
repeatability. 

6  CONCLUSIONS 

By  improving  the  emittance,  energy  uniformity, 
corkscrew  motion,  and  the  shot  to  shot  repeatability  on 
ETA  II,  we  have  been  able  to  focus  a  2  Ka  electron  beam 
into  a  spot  with  a  diameter  of  less  that  1  mm. 
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3  4 

Figure:  4  Time  Resolved  X-Ray  Images,  10  ns.  Spacing 


Figure  4  shows  a  time  resolved  xray  image  of  the  beam 
hitting  a  0.005  inch  thick  Ta.  Target.  With  energy 
desities  produced  by  such  beams  we  will  be  able  to 
continue  studying  beam/target  interactions  for  multipulse 
radiography. 


*This  work  was  performed  under  the  auspices 
of  the  U.S.  Department  of  Energy  by  the 
Lawrence  Livermore  National  Laboratory 
underContract  No.W-7405-Eng-48. 

#EmaiI :  weir2  @  llnl  .gov 
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TEST  OF  THE  REX-RFQ  AND  STATUS  OF  THE  FRONT  PART  OF  THE 

REX-ISOLDE  LINAC* 

H.  Bongers,  S.  Emhofer,  D.  Habs,  O.  Kester,  K.  Rudolph,  T.  Sieber, 

LMU  Munchen,  Garching,  Germany 

A.  Schempp,  C.  Welsch,  K.  U.  Kiihnel,  J.W.Goethe  Universitat,  Frankfurt/Main,  Germany 


Abstract 

For  REX-ISOLDE  (Radioactive  beam  Experiments  at 
ISOLDE  /  CERN)  [1],  a  test  beamline  is  built  up  at  the 
Garching  Accelerator  Lab  to  perform  He1+-experiments 
with  the  RFQ  [2],  the  matching  (rebunching)  section 
between  RFQ  and  IH-DT-linac,  the  IH-structure  [3]  and 
several  electrostatic  lenses  of  the  REX-ISOLDE-mass 
separator  [4], 

In  a  first  step,  the  beamline  is  conceived  for  tests  with  the 
RFQ.  This  paper  presents  the  parameters  and  the  status  of 
the  REX-RFQ,  the  experimental  setup  and  the  particle 
dynamics  simulations  with  the  COSY  infinity  code  for 
beam  injection  and  beam  analysis.  Furthermore  it  shows 
the  design  and  status  of  the  mass  separator,  the  IH- 
structure  and  the  buncher  section. 

1  TEST  OF  THE  REX-RFQ 

The  REX-ISOLDE  Linac  consists  basically  of  a  4-Rod- 
RFQ  and  an  Interdigital-H  Drift-Tube-accelerator, 
followed  by  three  seven-gap  resonators  for  energy 
variation  from  0.8  MeV/u  to  2.2  MeV/u  [5]. 


to  the  target 


SkeWu  300  k«V/u  1 .1-1.2  MaVAj  OJ-2.2  M«V/u 


Fig.  1 :  The  REX-ISOLDE  Linac 
1.1.  The  RFQ 

The  REX-RFQ  will  accelerate  the  radioactive  ions  with  an 
A/q  3  -  4.5  from  5  keV/u  to  300  keV/u.  The  according 
electrode-voltage  is  28  -  42  kV,  which  will  require  an  rf- 
power  of  30  to  40  kW.  The  accelerator  is  similar  to  the 
GSI HLI-RFQ  and  to  the  Heidelberg  High  current  injector 
RFQ.  It  has  a  total  length  of  3  m  (18  stems)  and  operates 
at  a  resonant  frequency  of  101.28  MHz  (duty-cycle:  10%). 
Low-level  measurements  of  the  rf-parameters  were  in 
good  agreement  with  the  design  values.  The 
measurements  showed:  f=  10 1.1 8  MHz,  Q=3900  and 
Rp=170  kGm.  The  frequency  can  be  shifted  with  two 
mounted  piston  tuners  in  the  range  ±200  kHz. 


The  flatness  was  tuned  from  ±20%  to  ±1%.  The 
distribution  of  the  built  in  tuning  plates  has  been  calculated 
with  the  code  MAFIA.  Fig.  2a  shows  the  voltage 
distribution  of  a  MAFIA-model  with  the  tuning  plate 
heigths  from  experimental  data  and  unmodulated 
electrodes  together  with  the  measured  voltage  distribution 
of  the  REX-RFQ  without  tuning  plates.  The  diagram 
illustrates  the  compensation  of  the  variable  capacitive  load 
(changes  in  modulation  and  aperture)  in  each  RFQ-cell  by 
an  appropriate  variation  of  its  inductance  (different  heigth 
of  the  tuning  plates).  Figure  2b  shows  the  tuned  flatness 
measured  with  three  different  pertubation  capacitors.  The 
bars  on  the  bottom  of  the  diagram  indicate  the  heigth  of 
the  Tuning-plates. 


Figure  2a:  MAFIA  calculated  and  measured  voltage 
distributions. 


1  3  5  7  9  11  13  15  17  19 

Posi  t  i  o 


Figure  2b:  Tuned  voltage  distribution  of  the  REX-RFQ 
measured  with  1 ,2pF  (dotted  line),  2.2pF  (dashed  line)  and 
3.3pF  (solid  line). 

After  assembly  of  the  resonator,  vacuum-  and  low-level  rf- 
tests,  the  RFQ-electrodes  are  currently  aligned  with  an 
accuracy  of  1/10  mm. 


0-7803-5573-3/99/$  1 0.00@  1 999  IEEE. 
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1.2.  The  RFQ-Test  Beamline 

The  test  beamline  for  the  RFQ  consists  of  a 
duoplasmatron  ion  source,  an  electrostatic  quadrupole 
quadruplet  and  a  diagnostic  box  on  the  injection  side,  and 
an  electrostatic  triplet  together  with  a  90°  bending  magnet 
for  beam  analysis  on  the  high  energy  side. 


electrostatic  quadruplet 


Fig.  3:  RFQ  test  beamline. 


The  ion  source  is  in  operation  at  the  source  test  stand  of 
the  Garching  Tandem  Lab.  It  produces  a  1  mA,  20  keV 
He1+-beam  with  emittances  of  typically  30-50  7t  mm  mrad. 
Due  to  the  0-current  design  of  the  REX-ISOLDE 
accelerators,  the  current  during  the  tests  will  be  reduced  to 
1-10  (lA.  The  diagnostic  box  in  the  injection  system  has  a 
Faraday  cup  and  an  aperture  wheel  for  measurements  of 
the  beam  at  Munich  and  the  pilot  beam  at  REX-ISOLDE, 
as  well  as  a  low  intensity  device,  which  consists  of  a 
carbon  foil  with  a  secondary  electron  detection  system 
(phosphor  monitor  and  MSP).  The  upper  beam  current 
limit  for  this  device  is  a  pA.  The  detection  limit  is  1 
ion/second.  The  spatial  resolution  for  single  particle 
detection  is  0.5  mm. 


Fig.  4:  Emittance  measurement  device  designed  by  NTG. 

The  beam  quality  behind  the  source,  the  injection  system 
and  behind  the  RFQ  is  measured  with  a  slit  grid  emittance 
measurement  device.  It  is  a  new  design  of  the  NTG 
company  (Gelnhausen/Germany),  which  moves  in  an  angle 
of  45°  through  the  vertical  and  horizontal  plane.  The 
advantage  is  a  measurement  of  both  phase  planes  at  one  z- 
position.  The  resolution  of  this  device  as  well  as  its 
application  for  different  particle-energies  is  modified  via 
the  length  of  the  beam  tube,  which  connects  the  chambers 
for  slit  and  grid.  At  the  beam  with  the  RFQ  the  angular 
resolution  will  be  0.75  (0.2)  mrad  for  an  energy  of 

5keV/u  (300  keV/u)  the  spatial  resolution  is  0.2  mm. 

Beam  injection  and  high  energy  beam  transport  have  been 
calculated  with  the  COSY  infinity  code.  In  the  Figures  5a 


and  5b  the  calculated  (PARMTEQ)  RFQ-acceptances  and 
output  emittances  are  plotted  together  with  the  calculated 
beam  envelopes.  The  calculations  show  an  acceptable 
matching  of  the  beam  with  voltages  of  maximal  ±4  kV  in 
the  quadrupole  quadruplet  (maximum  voltage:  ±6kV). 

RFOoccoptanco:  a  »  200  «  mmmrod 
\  Input  omittance:  <  •  50*mmmmd 


Fig.  5a:  Beam  injection  into  the  RFQ 

The  beam  transport  behind  the  RFQ  can  be  achieved  with 
voltages  of  ~±30  kV  in  the  quadrupole  triplet  (max. 
voltage:  ±50  kV).  The  required  field  strength  in  the  90° 
bending  magnet  is  0.9  T  (max.  field:  1.2  T). 


Fig.  5b:  Beam  transport  calculated  with  COSY. 

First  beam  tests  will  be  done  after  the  electrode  alignment 
and  the  rf-conditioning  of  the  RFQ.  In  the  next  stage,  the 
analyzing  magnet  will  be  removed  and  replaced  by  the 
rebunching  section  and  the  IH-structure.  Fig.  6  shows  a 
Photo  of  the  current  setup  at  Garching. 


Fig.  6:  Injection  system  (left)  and  RFQ. 
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2  STATUS  OF  THE  FRONT  PART  OF 
THE  REX-ISOLDE  LINAC 

2.1.  The  mass  separator 

EOS  I  EQSI 


Fig.  7:  Beam  dynamics  simulations  for  an  achromatic 
system,  the  final  design  for  the  REX-mass  separator. 

The  beam  from  the  EBIS  has  to  be  mass  separated  to 
reject  the  ionized  buffer  gas  atoms  from  the  Penning-  trap. 
The  REX-ISOLDE  mass  separator  is  based  on  the 
principle  of  the  Nier-spectrometer.  The  design  shown  in 
Fig.  7  was  chosen  in  the  expectation  of  EBIS  emittances 
of  10  7t  mm  mrad  and  an  energy  spread  of  0.25%.  It  has  a 
resolution  of  150,  which  is  sufficient  to  separate  most  of 
the  radioactive  ions  from  the  buffer  gas  ions  (f.  ex.  not 
40  Ar  from  40Ka). 

Currently,  the  electrostatic  octupoles  and  quadrupoles  as 
well  as  the  electrostatic  deflector  are  in  production  at  our 
mechanical  workshop,  while  the  magnet  is  manufactured 
by  Sigma  Phi  (Vannes/France) 

2.2.  The  matching  section 

IH-strocture 
re-buncher  I - 


RFQ-tank  U(gap)=3S  kv 

diagnostic -box 


ri 
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Figure  8:  Matching  section  for  the  IH-structure. 

The  Buncher  for  the  matching  section  is  a  3-gap  splitring 
resonator  with  a  gap  voltage  of  35  kV  (A/q=4.5).  It  was 
built  at  the  IAP/Frankfurt.  The  structure  is  completely 
assembled  and  will  be  delivered  to  Munich  after  the  rf- 
power  tests.  The  magnetic  lenses  are  ordered  at 
DANFYSIK  (Jyllingen/Denmark)  and  will  be  delivered  in 
May.  The  whole  Linac  has  been  calculated  with  the  codes 
TRANSPORT  and  COSY  for  different  EBIS  emittances. 
The  calculations  show  required  field  gradients  of  the 
magnetic  quadrupoles  in  the  matching  section  up  to  60 
T/m. 


2.2.  The  IH-structure 

The  REX-IH  structure  is  like  the  CERN  lead  injector  and 
the  GSI  HLI  IH-Linac  a  0-phase  synchronous  particle 
structure  excited  in  the  Hno-Mode.  It  has  a  length  of  1.5 
m  and  a  diameter  of  0.6  m.  The  overall  accelerating 
voltage  is  4.2  MV  (20  gaps)  for  ions  with  A/q=4.5  at  a 
required  rf-power  of  60  kW. 

The  end  energy  can  be  varied  from  1.1  MeV/u  to  1.2 
MeV/u,  whereby  this  variation  is  achieved  with  capacitive 
plungers,  which  modify  the  voltage  distribution  in  the 
gaps.  Fig.  9  shows  photos  of  the  IH-structure  during 
manufacturing  at  NTG.  It  also  shows  the  measured, 
MAFIA-calculated  and  design-voltage  distributions  of  a 
1 :2  model  for  two  different  end  energies  together  with  the 
corresponding  positions  of  the  capacitive  plungers. 


piunQW  potibon  1 .2  IvtoVAi  Inai  •n*rgy  ptunprpwWon  at  1.1  MtVAi  tnd  wm y 


mocM  pmmiten:  f-202.58  MHz,  06500,  Z-240  MCVm  f=202.5fl  MHz,  0=5280,  Z=230  Mfl/m 


Fig.  9:  Drifttube  structure  and  tank  of  the  REX-IH- 
accelerator  (above).  Calculated  and  measured  voltage 
distributions  in  a  1 :2  model. 

The  IH  structure  is  presently  copper  plated  at  GSI  and  will 
be  integrated  in  the  test  beamline  after  power  tests  at 
Munich.  The  status  of  the  7-gap  resonators  is  presented  at 
this  conference. 

3  REFERENCES 

[1]  D.  Habs  et  al.,  ’’The  REX-ISOLDE  Project”,  NIM  B 
139(1998)  128 

[2]  T.  Sieber  et  al.,  .Design  and  status  of  the  REX- 
ISOLDE  RFQ“,  Proc.  LINAC  '98,  Aug.  1998  Chicago 

[3]  O.  Kester  et  al.,  ’’The  Status  of  the  REX-ISOLDE 
project”,  Proc.  of  the  CAAR1  ‘98,  Denton,  Nov.  1998. 

[4]  R.  Rao  et  al„  NIM  A  427  (1999)  170. 

[5]  R.  von  Hahn.,  this  conference 


*  work  supported  by  the  BMBF  under  contract  06  LM  868  I/TP:4 


3518 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


BEAM  TESTS  OF  THE  VE-RFQ  CYCLOTRON  INJECTOR* 

F.  Hollering,  O.  Engels,  A.  Schempp,  Institut  fuer  Angewandte  Physik, 
Johann  Wolfgang  Goethe-Universitat,  Frankfurt  am  Main,  Germany 
J.  Hauser,  NTG,  Neue  Technologien,  Gelnhausen-Hailer,  Germany 
H.  Hohmeyer,  W.  Pelzer,  A.  Denker,  Hahn-Meitner-Institut,  Germany 


Abstract 

The  new  VE-RFQ-injector  for  the  cyclotron  at  HMI  in 
Berlin  is  now  being  comissioned,  The  ECR-source  together 
with  the  RFQs  [1,  2]  supply  heavy  ion  beams  with  90  - 
360  keV/u  for  q/A  >0.15  matched  to  the  isochronous  cy¬ 
clotron.  Properties  of  the  new  injector  and  results  of  first 
beam  tests  will  be  presented. 

1  INTRODUCTION 

The  Ionen-Strahl-Labor  (ISL)  [3],  the  former  VICKSI- 
facility,  at  the  Hahn-Meitner-Institut  in  Berlin  has  replaced 
the  former  Tandem-injector  with  a  combination  of  an 
ECR-ion  source  together  with  a  two  stage  4-Rod-Variable 
Energy-RFQ.  Next  to  the  6  MV  Van  de  Graaff  injector, 
which  provides  ions  at  lower  intensities  but  higher  final  en¬ 
ergies  out  of  the  cyclotron  (32  MeV/n  for  q/A  =  1/2),  the 
ECR-RFQ  combination  provides  beams  of  higher  intensity 
and  final  energies  between  1.5  and  6  MeV/n.  This  energy 
meets  the  demands  of  solid  state  physics.  To  our  knowl¬ 
edge  this  is  the  first  cyclotron  which  uses  an  RFQ  as  a  di¬ 
rect  injector.  Figure  1  shows  an  overview  of  the  beamline. 


Figure  1 :  Scheme  of  the  beamline 


*  Work  supported  by  the  BMBF 


This  VE-RFQ  [4,  5]  has  three  special  features:  First  of 
all  it  is  frequency  variable  through  a  moveable  tuningplate, 
which  shortens  the  effective  length  of  the  stems.  Oppo¬ 
site  to  single  frequency  RFQ,  where  the  output  energy  is 
fixed  by  frequency  and  electrode-shape,  the  frequency  vari¬ 
ation  leads  to  a  variable  output  energy  proportional  to  \fj . 
The  RFQ  at  ISL  covers  a  frequency -range  from  85  to  120 
MHz  and  works  on  the  eighth  harmonic  of  the  cyclotron 
frequency. 

Secondly  the  RFQ  is  splitted  into  two  stages  with  the 
second  stage  designed  to  work  either  in  accelerating-  or 
transport-mode.  This  expands  the  energy  variation  of  the 
RFQ  from  90  keV/n  to  360  keV/n.  The  concept  of  an  RFQ 
working  as  a  radial  focusing  transport  channel  has  not  been 
tested  before  with  a  bunched  beam  [6,  7,  8]. 

The  third  point  is  that  this  RFQ  operates  in  cw-mode 
with  a  maximum  power  consumption  of  20  kW  per  stage. 
Therefor  the  design  has  been  optimized  to  provide  proper 
cooling  of  the  electrodes,  stems  and  the  tuningplate. 

Table  1  gives  a  summary  of  the  ISL-RFQ  properties  and 
Figure  2  shows  the  open  RFQ. 


Table  1 :  ISL- VE-RFQ  parameters 


Length  (split  into  two  stages) 

3  m 

diameter 

0.5  m 

number  of  stems  per  stage 

10 

minimum  aperture 

2  mm 

min/max  E,„ 

15.16/29.72  keV/n 

min/max  Eout 

90.98/355.09  keV/n 

charge-to-mass-ratio 

1/8  -  1/2 

frequency-range 

85-  120  MHz 

duty  factor 

100%  (cw) 

max  power  consumption  p.  stage 

20  kW 

2  CONTROL  SYSTEM 

2.1  Frequency-tuner 

Already  the  first  simulations  of  the  frequency-tuner  re¬ 
vealed  that  its  design  would  be  difficult,  as  the  simulations 
showed  an  eigenmode  of  tuner  near  120  MHz,  the  highest 
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Figure  2:  Picture  of  the  open  RFQ  at  HMI 


operation  frequency  of  the  RFQ.  First  tests  with  our  stan¬ 
dard  tuner  (a  rod  with  a  cup)  confirmed  the  simulations.  To 
raise  the  eigenmode  of  the  tuner  its  front  part  was  changed 
to  a  small  cylinder  instead  of  the  cup  to  decrease  the  ca¬ 
pacitance  against  the  electrodes.  The  rear  part  was  changed 
into  a  large  cylinder  to  decrease  the  inductivity.  This  design 
had  the  lowest  eigenmode  at  about  135  MHz  [9].  Figure  3 
shows  a  picture  of  this  design. 


Figure  3:  First  tuner-redesign 


High  power  tests  at  NTG  in  Gelnhausen  and  after  the  re- 
instalation  of  the  RFQ  at  HMI  showed  that  the  frequency- 
variation  of  the  tuner  was  not  sufficent.  Due  to  thermal 
expansion  of  the  contacts  between  stems  and  tuning-plate 
during  operation  the  resonance-frequency  of  the  RFQ  is 
shifted  to  higher  frequencies.  The  range  of  the  tuner  was 
too  small  to  compensate  this  effect  and  the  normal  detun¬ 
ing  during  operation,  so  the  big  tunig-plate  had  to  be  moved 
too  to  restart  the  RFQ. 

The  final  shape  of  the  tuner  increased  the  frequency- 
variation  by  a  factor  2.5  and  has  no  eigenmodes  lower  than 
125  MHz.  Figure  4  shows  a  picture  of  the  final  tuner. 

2.2  Automatic  Tuning 

To  simplify  the  operation  with  the  RFQs,  a  computer  rou¬ 
tine  has  been  developed  to  perform  a  self  tuning  and  adjust¬ 
ing  sequence  by  the  preset  input-parameters  rf-frequency 
and  RFQ-electrode-voltage. 


Figure  4:  Final  tuner-design 


In  a  first  step  all  moveable  parts  of  the  RFQ  and  the 
rf-power-amplifiers  are  set  to  frequency  dependent  values 
taken  from  data-tables.  Then  the  computer  performs  an 
optimaziation  of  the  amplifiers  to  ensure  an  output  of  at 
least  20  kW  cw.  After  this  the  RFQ  is  set  to  the  proper 
resonance-frequency,  mainly  by  moving  the  tuner.  After 
minimizing  the  reflected  power  the  correct  phase-relation 
for  the  resonance-control  is  set.  In  contrast  to  fixed  fre¬ 
quency  resonators  this  relation  varies  because  of  the  chang¬ 
ing  wavelength  and  has  to  be  precisely  tuned  for  each  fre¬ 
quency. 

The  second  part  of  the  program  sets  the  RFQ  to  a  given 
electrode  voltage.  Results  from  gamma-spectroscopy  at  a 
fixed  power  consumption  and  various  frequencies  together 
with  a  measured  signal  from  an  RFQ-probe  provide  the 
necessary  information.  By  an  assumed  optimal  quadratic 
relationship  between  power  consumption  and  electrode¬ 
voltage  resp.  probe-signal  all  parameters  are  calculated 
from  these  measured  values.  If  the  calculated  value  for 
the  probe-signal  is  reached,  the  control  is  given  back  to  the 
ISL-operators  who  then  can  optimize  the  injector  system 
settings. 

3  BEAM  MEASUREMENTS 

During  the  last  six  months  a  set  of  beam  measurements 
has  been  made.  It  showed  that  the  RFQ  successfully 
reached  the  design  goals  and  provides  the  necessary  output- 
energies.  The  beam  has  also  been  injected  successfully  into 
the  cyclotron. 

E.g.  a  86Kr14+  with  300  MeV  has  been  succesfully  ex¬ 
tracted  out  of  the  cyclotron  with  2.5  fiA  before  the  RFQ 
and  500  nA  after  the  cyclotron  [10]. 

Even  more  important  is  that  the  transport-mode  of  the 
second  stage  has  also  been  tested  succesfully  with  an 
129Xe14+  beam  with  196  MeV  and  1.35  fiA  before  the 
RFQ  and  100  nA  after  the  cyclotron.  The  experiments 
showed  also  that  a  calculated  transmission  of  2/3  (without 
a  chopper  in  front  of  the  RFQ)  can  be  reached.  Figure  5 
shows  a  result  from  beam  measurments. 

4  CONCLUSIONS 

The  RFQ  succesfully  reached  its  design-goals  and  the  new 
injector  for  the  ISL-cyclotron  is  now  ready  for  operation. 
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First  04*-beam  through  ISL  RFQ 


Energy  (MeV) 


Figure  5:  04+-beam  spectroscopy 


Training  for  the  operators  is  scheduled  for  April.  Further 
work  has  to  be  done  to  improve  the  contact-rings  which 
connect  the  moveable  tunigplate  to  the  stems.  It  turned  out 
that  after  some  time  of  tuning  and  operation  some  contact- 
fingers  were  broken.  This  does  not  affect  the  operation  of 
the  RFQ  but  a  more  reliable  design  has  to  be  found. 
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TEST  OF  A  RADIO-FREQUENCY  QUADRUPOLE  COLD  MODEL 

G.  V.  Lamanna".  INFN-Bari,  A.  Lombardi,  A.  Pisent,  INFN-LNL 


Abstract 

In  the  framework  of  TRASCO  Project  (the  Italian 
feasibility  study  for  a  waste  transmutation  linac)  we 
have  built  and  tested  an  aluminium  model  of  a 
segmented  resonantly  coupled  Radio-Frequency 
Quadrupole  (RFQ),  in  order  to  determine  the  parameters 
of  a  5  MeV  and  30  mA  proton  beam  RFQ.  Bead 
perturbation  measurements  are  performed,  and  the  field 
stabilization  respect  to  small  perturbations  of  quadrupole 
fundamental  mode  is  studied.  A  comparison  between 
experimental  results  and  a  theoretical  model  is  also 
reported. 

1  INTRODUCTION 

The  possibility  to  design  an  RFQ  long  respect  to  the 
RF  wavelength  is  very  important  for  the  feasibility  of 
linacs  with  different  applications,  from  the  high  power 
CW  linacs  for  neutron  production  to  the  low  power  high 
frequency  linacs  proposed  for  hadrotherapy  [1],  In 
particular  INFN  has  been  funded  for  the  study  of  the 
critical  parts  of  a  waste  transmutation  linac  (TRASCO 
project).  In  this  framework  the  field  stabilization  of  a  7 
m  long  352  MHz  RFQ  has  been  studied,  using  the 
LANL  resonant  coupling  technique. 

We  looked  for  an  approach  able  to  give  a  physical 
insight  of  the  system  and  fast  results  to  be  compared 
with  MAFIA  simulations  and  field  measurements;  the 
first  results,  achieved  by  an  equivalent  lumped  circuit 
[2],  have  been  improved  by  the  implementation  of  a 
transmission  line  analysis  [3],  Moreover  an  aluminium 
model  has  been  built  and  we  are  now  testing  on  it  the 
RFQ  tuning  procedure. 

In  this  paper  we  describe  the  aluminium  model,  we 
resume  the  main  results  of  the  transmission  line  analysis 
and  we  show  the  first  results  of  the  bead  pull 
measurements. 

1  THE  MODEL 

The  aluminium  model  had  to  be  at  the  same  time 
similar  to  the  actual  Cu  construction,  flexible,  easy  to 
modify  and  with  a  reasonable  cost.  We  required  very 
good  mechanical  tolerances  to  allow  an  easy 
determination  of  quadrupole  and  dipole  modes. 
Mechanical  errors  can  be  introduced  on  purpose  so  to 
verify  RF  field  tolerances. 


The  body  of  each  segment  has  a  “sandwich” 
configuration,  with  four  parts  bolted  and  pined  to  20  pm 
alignment  tolerance.  The  end  cells  undercuts  electrode 
dimensions  were  built  with  some  extra  material;  during 
tests  they  were  easily  dismounted  and  machined  (Fig.l). 

Each  segment  is  supported  in  three  points  so  to  permit 
fine  mechanical  alignment.  Overall  mechanical 
tolerance  is  about  50  pm.  The  first  and  the  last  segment 
can  slide  respect  to  the  central  one  in  order  to 
disassemble  the  coupling  cell  and  vary  its  configuration 
preserving  the  alignment. 

The  RFQ  consists  of  three  lm  long  segments.  Vanes 
are  unmodulated  with  an  average  aperture  radius  of  5 
mm.  The  resonant  frequency  of  352  MHz  is  provided  by 
36  tuners,  i.  e.  12  screws  per  segment  having  20  mm 
diameter,  with  a  penetration  of  13  mm  in  nominal 
position.  Eight  antennas  are  available  in  each  segment 
for  powering  and  measuring. 


Figure  1  View  of  coupling  cell  electrodes 

2  RFQ  THEORETICAL  MODEL 

A  four  vanes  RFQ  is  based  on  TE21  modes,  and  the  vane 
voltage  transformation  after  a  segment  of  length  X  is: 


V 

cos  kX 

— sinfcA 

V 

0 

>' 

v\ 

X 

-  k  sin  kX 

k 

cos  kX 

_V’_ 

v\ 

with  k  =  2I.^J  ,X  =  ^L  and  o),=—  cut-°ff 
A  co;  0  A 

frequency.  Note  that  below  cut-off  frequency  k  is 
imaginary,  but  if  we  define  the  trigonometric  functions 
in  the  complex  field  the  matrix  elements  are  real. 
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The  coupling  cell  can  be  modeled  by  the  capacitance 
Ca  in  the  gap  between  each  couple  of  electrode 
terminations,  i.e.  with  the  transformation: 


RFQ  body  in  terms  of  stored  energy.  In  a  real  RFQ 
(£*0)  the  boundary  condition  V’-O  holds  only  if  the 

ECs  are  perfectly  tuned  ( k=1 ),  while  all  the  other  modes 
see  a  termination  different  from  the  ideal  one.  In  a  single 
RFQ  segment,  if  the  EC  is  tuned  too  high  in  frequency, 
V’>0  and  the  voltage  in  the  EC  is  lower  then  in  inside 
the  RFQ. 


with:  «  _  ^  C  and  C  capacitance  per  unit  length  of 
An1  CaX 

the  quadrupole  vane  tips  per  quadrant  (approximately  30 
pF/m).  The  Floquet  analysis  gives  the  dispersion 
relation: 


We  can  therefore  calculate  the  transfer  matrix  for  NRFQ 
segments: 

M={MECMT!qMECMsap)N'F°-xMECMr!qMEC 
and  the  modes  are  defined  by  the  condition 


cos  cr  =  f(x)  =  trMrfqM-s-aL  =  cosR+^sinR 
J  2  2x 


\v  ,1 

[V-  1 

out 

=  M 
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with  a  phase  advance  per  period.  For  P=0  the  RFQ 
segments  are  directly  connected  and  only  modes  above 
cut-off  frequency  exist,  while  otherwise  different  bands 
are  present,  corresponding  to  \f(x^  <  1  ■  The  fundamental 

mode  x=l  of  the  resonator  can  be  stabilized  if  around 
this  mode  we  have  the  confluence  of  two  bands  with 
lower  and  higher  frequencies;  since  f(l)=l,  this  happens 
when  f(x)  has  a  maximum  at  that  frequency,  i.e.  when 
f(l)=0  or  p=l. 

The  same  dispersion  relation  can  be  calculated  for  TE„ 
modes,  normalizing  the  frequency  for  the  appropriate 
cut-off  frequency  rod  and  using  the  coupling  parameter: 


A  =4 


The  results  of  this  model  are  compared  with  results  in 
literature  in  ref  [3]. 

This  simple  model  can  be  refined  introducing  the 
effect  of  the  end  cells  and  by  considering  the  finite 
number  of  segments  that  compose  our  resonator. 

Indeed  the  boundary  condition  V’=0  at  the  two 
extremes,  that  for  a  TM  mode  corresponds  to  a  metallic 
boundary,  for  a  TE  mode  is  obtained  by  terminating  the 
transmission  line  on  a  resonant  load,  called  end-cell 
(EC),  with  admittance  1  /  icuLEC  +  icoCEC  ■  The  associated 

linear  transformation  is: 
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with  the  parameters: ^  -  ^K.  C.3£_  and  k  =  (LecCec(Qq) 


The  array  with  -  subscript  corresponds  to  the  ideal 
termination  values.  The  two  parameters  K  and  t, 
correspond  respectively  to  the  resonant  frequency  of  the 
EC  and  to  the  relative  weight  of  the  EC  respect  to  the 


corresponding  to  the  condition  at  V’=0  the  two 
extremes.  In  section  3  we  shall  compare  the  zeros  of  M2I 
with  the  measured  mode  frequencies. 

3  EXPERIMENTAL  RESULTS 

The  experimental  apparatus  (Fig.  2)  consists  of  the  bead 
pulling  system  (a  dielectric  bead  of  4  mm  radius  driven 
by  a  cc  motor  by  means  of  a  kevlar  thread  of  0.25  mm 
diameter),  a  Network  analyzer  (NA)  HP  4 185 A  and  a 
trigger  unit  driving  NA  and  cc  motor.  The  bead  touches 
a  couple  of  electrodes  so  to  have  the  best 
reproducibility.  Phase  measurement  is  performed  with  a 
NA  resolution  bandwidth  RW=300  Hz,  resulting  in  a 
phase  error  of  0.14  deg. 


Figure  2  View  of  the  experimental  apparatus 

For  a  dielectric  bead  moving  inside  the  RFQ  the 
electric  field  E(z)  at  bead  location  z  and  the  variation 
A<f>(z)  of  the  output  phase  respect  to  when  the  bead  is 
outside  the  RFQ  (when  exciting  the  system  at  the 
unperturbed  resonance  frequency)  are  related  (for  small 
A<(>)  by  the  equation: 
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E(z)2-Eq2  _  A0(z)-Afr 

eI  a^0 

where  A(j)o  is  the  phase  variation  corresponding  to  the 
maximum  field  E0for  a  given  measurement. 

Therefore  the  phase  shift  gives  a  relative  measurement 
of  the  electric  field,  with  the  advantage  to  be  unaffected 
by  temperature  variation  since  a  single  phase  plot  is 
taken  in  about  30  sec.  Moreover  no  computer  control  is 
needed  and  phase  plot,  i.e.  E-field  variation  along  the 
structure,  is  shown  on  the  NA  screen.  The  flatness  F 
(maximum  of  AE/E)  is  easily  evaluated. 

Firstly  we  have  tuned  end  cells  by  cutting  the  electrode 
ends  in  order  to  flatten  the  field  (making  K=l)  in  each  1 
m  segment.  In  Tab  1  the  comparison  between  the 
frequencies  before  and  after  tuning  is  reported.  The 
frequency  is  slightly  different  from  v*=350.7  MHz  and 
the  tuners  insertion  turns  out  to  be  not  exactly  13  mm. 


Table  1 :  Segment  frequencies  comparison 


Segment 

Before  tuning 
(MHz) 

After  tuning 
(MHz) 

1st 

350.625 

352.046 

2nd 

350.525 

352.040 

3rd 

350.615 

352.045 

In  Fig.3  phase  plots  of  the  tree  tuned  segments  are 
shown  ( F~2A% ).  If  we  consider  the  interval  between 
the  two  arrows,  corresponding  to  the  region  between  the 
end  cell  electrodes,  F~  0.55%.  The  tuners  are  situated  in 
correspondence  of  the  valleys. 


AE/E% 


Figure  3:  Phase  plot  of  each  segments 

The  phase  plot  for  the  three  segments  connected 
together  and  separated  by  2  coupling  cell  is  shown  in 
Fig.4.  The  tuning  of  the  coupling  cells  have  been 
accomplished  by  cutting  undercuts  and  working  the 
upper  part  of  coupling  cells  electrodes.  The  first  action 
causes  a  change  in  the  capacitance,  so  to  get  /3=1 ,  the 
second  an  inductance  variation  (making  K=l).  The 
operating  frequency  is  recuperated  acting  on  the  tuners; 
the  achieved  flatness  (end  cells  excluded)  is  F=3.1%. 
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Figure  4:  three  segments  with  two  coupling  cells 

The  comparison  between  experimental  frequency 
spectrum  and  the  theoretical  one  is  shown  in  Fig.5.  The 
spectra  are  in  quite  good  agreement  with  the  exception 
of  the  last  two  modes,  that  are  close  in  frequency  with  a 
possible  mix  between  dipoles  and  quadrupoles. 


Frequency  (MHz) 


Figure  5:  Comparison  between  experimental  (black  line), 
ant  theoretical  spectra  obtained  from  the  zeros  of  M21  of 
the  dipole  mode  (dotted  bleu  line)  and  the  quadrupole 
mode  (magenta  dashed  line) 

The  future  work  will  be  devoted  to  the  modal  analysis 
of  the  beadpull  data  in  order  to  set  up  an  automatic 
procedure  to  tune  the  RFQ  up  to  1-2%  E-field  error. 
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Abstract 


A  RFQ  linac  (3MeV,  350MHz,  20mA,  CW  and  324cm 
in  length)  is  being  built  for  the  Korea  Multipurpose 
Accelerator  Complex  (KOMAC).  The  physical  and 
engineering  design  of  the  H7H  RFQ  linac  are  described. 
The  fabrication  process  for  the  cold  model  and  structure 
support  is  described.  The  current  status  of  the  RFQ  is 
reported. 

1  INTRODUCTION 

The  Radio-Frequency  Quadrupole  (RFQ)  linac,  which 
will  produce  a  20mA  beam  of  H7H  with  the  energy  of 
3MeV,  was  proposed  for  the  Korea  Multipurpose 
Accelerator  Complex  (KOMAC)  [1-4],  This  paper 
presents  the  physics  and  engineering  design  plus  the 
fabrication  status  of  the  KOMAC  RFQ.  The  RFQ 
concept  is  shown  in  Fig.  1  with  the  parameter  values 
given  in  Table  1 . 

The  main  focuses  of  this  physics  and  engineering  design 
in  the  RFQ  are  as  follows: 

•  To  understand  the  transmission  of  the  mixing  H7H 
beam  into  the  RFQ. 

•  To  obtain  the  tuning  frequency  by  undercutting  the 
end  regions  of  the  vane. 

•  To  determine  the  locations  and  shapes  of  the  coolant 
passages. 

•  To  determine  the  shape  of  the  brazing  surface. 

The  physics  and  engineering  design  study  is  presented  in 
section  2.  Section  3  describes  the  fabrication  status  of 
the  KOMAC  RFQ. 


Table  1 .  RFQ  Linac  Parameters. 


PARAMETER 

VALUE 

Operating  frequency 

350  MHz 

Particles 

IT  /H 

Input  /  Output  Current 

21  /  20  mA 

Input  /  Output  Energy 

0.05  /  3.0  MeV 

Input  /  Output  Emittance, 
Transverse/norm. 

0.02  /0.023  tt-cm-mrad 

rms 

Output  Emittance, 
Longitudinal 

0.246  MeV-deg 

Transmission 

95% 

RFQ  Structure  Type 

4-vanes 

Duty  Factor 

100% 

Peak  Surface  Field 

1.8  Kilpatrick 

Structure  Power 

350.0  kW 

Beam  Power 

67.9  kW 

Total  Power 

417.9  kw 

Length 

324.0  cm 

Figure  1 .  3MeV,  cw  KOMAC  RFQ  Drawing. 
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2  PHYSICS  AND  ENGINEERING  DESIGN 

The  motion  of  the  mixing  H7H  beam  into  the  RFQ  has 
beeb  studied  by  using  a  time  marching  beam  dynamics 
code  QLASSI  [5].  Fig.  2  shows  the  dependence  of  the 
beam  transmission  rate  and  the  H'  mixing  ratio.  The 
longitudinal  beam  loss  increases  with  the  concentration 
of  negative  ions  by  the  bunching  process  which  is 
distributed  by  attractive  forces.  Because  of  the  space 
charge  compensation  in  the  low  energy  sections,  the 
transverse  beam  loss  decreases  with  the  mixing  ratio  of 
H .  In  the  KOMAC  RFQ,  the  mixing  ratio  of  H  is  less 
than  10%. 


Figure  2.  Dependence  of  Beam  Transmission  Rate  and 
H‘ Mixing  Ratio. 

In  general,  most  of  the  RFQ  structure  can  be  understood 
in  a  two-dimension  model.  However,  the  end  regions  and 
the  joints  need  full  three-dimensional  modelling.  These 
regions  have  been  investigated  with  the  three- 
dimensional  electromagnetic  code,  MAFIA  [6].  Fig.  3 
shows  a  three-dimensional  simulation  model  of  the  end 
region  of  the  RFQ.  The  end-gap  distance  and 
undercutting  depth  were  varied  until  the  quadrupole 
mode  frequency  of  the  model  was  tuned  to  350.3MHz. 
In  this  case,  the  end-gap  distance  and  undercutting  depth 
are  7.5cm  and  2.7cm,  respectively.  Fig.  4  shows  the 


Figure  3.  3D  Simulation  Model  of  the  End  Region. 


Figure  4.  3D  Simulation  Model  of  a  Two-Section 
Coupled  RFQ 

MAFIA  model  of  a  two-section  coupled  RFQ.  The 
simulation  result  has  shown  that  a  0.205cm  coupling 
gap-distance,  a  2.5cm  undercutting  depth  and  5.2cm 
coupling  plates  inner  radius  results  in  a  near  optimum 
separation  between  the  quadrupole  modes.  Results 
simulated  by  the  MAFIA  models  will  be  tested  on  a  cold 
model  which  has  been  fabricated  with  A16063. 

In  the  design  of  the  coolant  passages,  we  considered  the 
thermal  behaviour  of  the  vane  during  CW  operation  and 
manufacturing  costs.  The  thermal  and  structure  analysis 
is  studied  with  SUPERFISH  [7]  and  ANSYS  codes.  The 
average  structure  power  by  rf  thermal  loads  is  0.35  MW 
and  the  peak  surface  heat  flux  on  the  cavity  wall  is  0.13 
MW/m2  at  the  high  energy  end.  In  order  to  remove  this 
heat,  we  consider  48  longitudinal  coolant  passages  in 
each  of  the  sections,  as  shown  in  Figs.  1  and  5.  Fig.  5 
shows  a  thermal  distribution  of  the  cavity  at  the  high 
energy  end.  The  material  is  oxygen-free  high- 
conductivity  copper  (OFHC).  The  thermal  loads  were 
given  by  SUPERFISH  analysis.  The  heat  transfer 
coefficients  are  between  llkW/m2-C  to  15  kW/m2-C. 
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Figure  5.  Temperature  Distribution  of  the  Cavity  at  the 
High  Energy  End  of  the  KOMAC  RFQ. 
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Because  of  the  flow  erosion  of  the  coolant  passages,  we 
consider  the  maximum  allowable  bulk  velocity  of  the 
coolant  as  4.5m/sec.  From  the  thermal-structural  analysis 
of  ANSYS,  the  peak  temperature  on  the  cavity  wall  is 
51.4  °C,  the  maximum  displacement  is  42pm  and  the 
intensity  stress  .is  13MPa.  We  use  the  cooling  tower  on 
the  cavity  walls  and  the  refrigeration  system  on  the  vane 
area.  For  rf  tuning,  the  coolant  passages  on  the  vane  area 
are  operated  with  10  °C  coolant.  However  the 
temperature  of  the  coolant  of  the  passages  on  the  cavity 
wall  is  varied  to  maintain  the  cavity  on  resonance 
frequency.  The  coolant  passages  in  the  cavity  wall  and 
vane  area  are  the  deep-hole  drilled.  The  entrances  of 
deep  holes  at  the  vane  end  are  brazed. 

3  FABRICATION  STATUS 

The  RFQ  cold  model  was  fabricated  with  A16063,  as 
shown  in  Fig.  6,  and  the  field  test  with  the  beadpull 
perturbation  technique  will  begin  next  week.  A  bead  is 
metal  and  is  drawn  through  the  four  quadrants  of  the 
RFQ  near  the  outer  wall. 


Figure  6.  A  Section  of  the  KOMAC  RFQ  Cold  Model. 

The  four  quadrants  of  the  RFQ  are  fabricated  separately 
and  brazed.  Because  of  the  leak  of  the  brazing  surface 
and  the  strain  of  the  RFQ  structure  by  furnace  heat,  it  is 
important  to  determine  the  exact  shape  of  brazing 
area[8].  Fig.  7  shows  an  81cm  long  brazing  test  unit.  The 
test  unit  was  brazed  in  a  vertical  orientation  with 
LUCAS  Bag-8,  a  AgCu  alloy  with  a  liquids  temperature 
of  780  °C. 


Figure  7.  Brazing  Test  Unit. 

At  the  present  time,  new  brazing  test  unit  is  being  brazed 

and  one  of  the  four  sections  is  being  fabricated. 
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Abstract 

Initial  commissioning  of  a  6.7-MeV  100-mA  RFQ  is 
underway.  The  RFQ  is  part  of  LEDA,  the  H+  injector  for 
the  Accelerator  Production  of  Tritium  (APT)  project.  To 
benchmark  the  RFQ  performance,  beam  physics 
experiments  will  be  done  with  low  and  high  current  beams 
for  both  pulsed  and  cw  beam  operation.  Commissioning 
efforts  thus  far  have  been  limited  to  low-current  pulsed- 
beam  LEDA  operation.  Measurements  to  fully 
characterize  the  RFQ  will  ultimately  include  the 
dependence  of  RFQ  beam  transmission  on  RFQ  vane 
voltage,  input  beam  energy,  input  match,  and  input 
transverse  centroids.  Other  commissioning  measurements 
for  the  RFQ  will  include  output  beam  energy,  phase, 
noise,  transverse  profiles,  and  transverse  rms  emittances. 
This  paper  contains  initial  LEDA  RFQ  commissioning 
results,  including  RFQ  pulsed  output  beam  currents  up  to 
40  mA. 

1  INTRODUCTION 

The  LEDA  RFQ  [1]  is  a  100%  duty  factor  (cw)  linac 
capable  of  delivering  >100-mA  of  H+  beam  at  6.7-MeV. 
The  8-m-long,  350-MHz  RFQ  structure  [2]  is  designed  to 
accelerate  the  dc  75-keV,  110-mA  H+  beam  from  the 
LEDA  injector  [3,4]  with  >90%  transmission.  On  March 
16,  1999  first  beam  was  accelerated  through  the  LEDA 
RFQ.  The  preliminary  RFQ  commissioning  results  in 
this  paper  are  for  pulsed  beams  with  low  rep-rate  and  short 
pulse  lengths. 


2  LEDA  CONFIGURATION 

The  accelerator  configuration  for  beam  commissioning  of 


Figure  1 :  LEDA  configuration  for  RFQ  commissioning. 
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the  LEDA  RFQ  is  shown  schematically  in  Figure  1 . 

The  major  accelerator  subsystems  are  the  injector  [3,4] 
(source  and  Low  Energy  Beam  Transport  (LEBT)),  RFQ 
[2],  High  Energy  Beam  Transport  (HEBT)  [5],  and  the 
beam  stop  [6]. 

The  layout  of  LEBT  beamline  optics  and  diagnostics  is 
shown  in  Figure  2.  The  beamline  optics  include  two 
solenoids  and  two  steering  magnet  pairs  for  proper 
matching  and  injection  into  the  RFQ.  The  suite  of 
diagnostics  include  two  view  screens  (interceptive 
diagnostic  intended  only  for  low-power  density  beams), 
three  noninterceptive  video  profile  diagnostics  (VD1, 
VD2,  &  VD3),  three  DC  current  diagnostics  (DC1,  DC2, 
&  DC3),  and  two  pulsed  beam  current  monitors  (not 
shown  in  Figure  2).  The  pulsed  beam  current  monitors 
are  located  right  after  the  source  and  directly  before  the 
RFQ. 

Ion  Source  Solenoid  dc  Solenoid 


Figure  2:  The  LEDA  LEBT  beamline,  including  optics 
and  diagnostics. 


A  photograph  of  the  LEDA  HEBT  showing  the  location 
of  beamline  optics  and  diagnostics  is  given  in 
Figure  3.  Beam  direction  is  from  left  to  right.  The 
function  of  the  LEDA  HEBT  is  to  characterize  the 
properties  of  the  beam  and  transport  the  beam  with  low 
losses  to  a  shielded  beam  stop.  The  beamline  optics 
consists  of  four  quadruples  and  two  X-Y  steering  magnets. 
The  HEBT  beam  diagnostics  are  described  in  [7]:  they 
include  5  beam  position  monitors  (BPMs),  2  DC  and 
pulsed  toroids,  3  capacitive  pickoff  probes,  and  2  profile 
monitors.  This  set  of  diagnostics  allow  for  measurements 
of  beam  current  (pulsed  beam,  DC  beam,  and  bunched 
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beam),  transverse  centroids,  longitudinal  centroids  (i.e. 
beam  energy  from  time-of-flight  and  beam  phase),  and 
transverse  beam  profiles  (wire  scanner  and  video 
fluorescence). 


Figure  3:  Layout  of  HEBT  beamline  optics  and 
diagnostics.  Beam  direction  is  from  left  to  right. 


A  starting  pulse  length  <500  (is  allows  for  a  variety  of 
transient  conditions  to  stabilize  in  the  first  -100  (is  of  the 
beam  pulse  while  providing  up  to  400  (is  in  which  to 
sample  the  time  dependence  of  beam  observables.  Based 
on  various  scenarios  of  beam  loss,  especially  in  the 
HEBT,  the  starting  beam  current  of  <10  mA  was 
considered  low  risk.  A  rep-rate  of  5  Hz  was  chosen  for 
initial  operation  to  minimize  any  potential  damage  due  to 
beam  loss. 

Commissioning  will  proceed  in  a  bootstrap  fashion.  As 
systems  are  commissioned  with  low-power  beam 
operation,  the  sequence  will  be  to  increase  the  rep-rate  to 
10  Hz  and  to  increase  both  the  beam  intensity  (ultimately 
to  the  100  mA  design  level)  and  the  pulse  length  to 
several  10s  of  ms.  Then  LEDA  will  be  switched  to  a 
low-power  cw  mode  and,  finally,  to  high-power  cw  mode. 


3  COMMISSIONING  PLAN 

Beam  commissioning  of  LEDA  will  follow  a  graded 
approach.  Because  beam  operation  will  truly  be  the  first 
fully  integrated  test  of  all  LEDA  systems,  commissioning 
will  proceed  cautiously.  The  assumption  is  that,  in  all 
likelihood,  subsystems  and  their  interfaces  to  other 
subsystems  will  not  operate  as  expected. 

An  implication  of  this  approach  is  that  initial  beam 
commissioning  of  the  RFQ  is  in  pulsed  rather  than  cw 
mode.  More  specifically,  to  minimize  or  even  eliminate 
beam  related  equipment  damage,  commissioning  began  in 
a  pulsed  low-power  mode  defined  by  short-pulse  lengths 
(i.e.  <  500  (is),  low-rep  rate  (i.e.  5  Hz),  and  low-beam 
current  (i.e.  <  10  mA).  As  the  performance  of  all  systems 
is  verified,  commissioning  will  proceed  in  a  stepwise 
fashion  to  the  full  cw  high-power  mode,  100%  duty  cycle 
and  full  current  (100  mA).  Pulsed  operation  is  achieved 
by  operating  the  injector  in  pulsed  mode  while  operating 
the  RFQ  rf  system  at  >  80%  duty  factor. 

Besides  protecting  equipment  (e.g.  RFQ,  HEBT,  and  beam 
stop),  beginning  beam  commissioning  with  short-pulse 
lengths,  low-rep  rate,  and  low-beam  currents  has  two 
other  advantages.  First,  it  allows  for  the  operation  of 
certain  interceptive  beam  diagnostics  that  will  be 
unavailable  at  higher  beam-power  densities.  These 
diagnostics  are  for  beam  profile  measurements  and  include 
two  view  screens  in  the  LEBT  and  a  wire  scanner  in  the 
HEBT.  Second,  the  most  complete  characterization  of  the 
RFQ  can  occur  only  when  operating  in  a  low-power 
pulsed  mode.  For  example,  measurements  of  RFQ  beam 
transmission  in  high-power  modes  (pulsed  or  cw)  will  be 
considerably  restricted  due  to  the  risk  of  beam  damage  to 
the  RFQ  vanes. 


4  EXPERIMENTAL  RESULTS 


Figure  4:  Time  dependence  of  beam  current  over  -1  ms 
beam  pulse  as  observed,  from  top  to  bottom,  at  the  RFQ 
entrance,  RFQ  exit,  and  HEBT  exit.  The  vertical  axis  is 
beam  current  (mA)  and  the  horizontal  is  time  ((is). 
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First  beam  through  the  RFQ  was  -4  mA  for  a  pulse 
length  <500  |_is  and  a  rep-rate  of  5Hz.  As  of  the  writing 
of  this  paper,  the  rep-rate  has  been  increased  to  10  Hz,  the 
pulse  length  to  -2  ms,  and  the  RFQ  output  current  to  -40 
mA.  Figure  4  shows  observed  beam  currents  of  >25  mA 
and  -1  ms  pulse  lengths  at  the  RFQ  entrance,  RFQ  exit, 
and  HEBT  exit. 

After  optimization  of  LEBT  steering  and  LEBT  match  to 
the  RFQ,  RFQ  transmission  >95%  and  HEBT 
transmission  >98%  were  obtained.  More  definitive 
measurements  of  transmission  will  require  further  tests  of 
the  beam  current  measurement  system.  Preliminary 
measurements  of  RFQ  transmission  as  a  function  of  vane 
voltage  indicate  that  the  RFQ  is  being  operated  above  the 
knee  in  the  transmission  curve. 

Measurements  of  the  RFQ  output  beam  energy,  as 
determined  from  time-of-flight,  and  their  comparisons  to 
expectations  are  shown  in  Figure  5.  These  first  results 
show  that  experiment  and  theory  are  consistent  and  that 
the  output  beam  has  the  design  energy. 


RF  Field  Set  Point  (Unitless) 

Figure  5:  Measured  output  beam  energy  from  the  RFQ 
as  a  function  of  the  rf  field  set  point  (RFQ  design  vane 
voltage  corresponds  to  a  set  point  of  -45). 

First  measurements  of  beam  profiles  using  the  slow  wire 
scanner  have  been  made  and  Figure  6  shows  a  measured 
horizontal  profile.  Verification  of  the  BPM  system  is  not 
complete.  However,  sufficient  data  have  been  taken  to 
demonstrate  consistency  in  beam  position  determination 
between  BPMs  and  the  wire  scanner. 
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Figure  6:  Horizontal  beam  profile  as  measured  by  a 
wire  scanner  -2.8  m  downstream  from  RFQ  exit. 

5  SUMMARY  AND  CONCLUSIONS 

The  initial  performance  of  the  LEDA  injector,  LEBT, 
RFQ,  HEBT,  and  beamstop  is  encouraging.  Increases  in 
pulse  length  and  current  are  going  well.  High  RFQ  and 
HEBT  beam  transmission  has  been  established  and  the 
design  RFQ  output  beam  energy  has  been  achieved. 
Observed  RFQ  transmission,  at  the  present  low  beam 
currents,  is  consistent  with  PARMTEQM  simulations  [4] 
based  on  modeling  of  the  present  injector  extraction 
system. 
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Abstract 

The  experience  of  commissioning  a  2.5-MeV,  “Proof-of- 
Principle”  prototype  of  the  new  RFD  linac  structure  will 
be  reported.  This  structure  resembles  a  drift  tube  linac 
(DTL)  with  radio  frequency  quadrupole  (RFQ)  focusing 
incorporated  into  each  drift  tube,  hence  the  name,  Rf 
Focused  Drift  tube  (or  RFD)  Linac.  A  prototype  of  this 
structure,  comprising  a  25-keV  proton  ion  source,  an 
Einzel-lens-based  LEBT,  a  0.65-m-long  RFQ  linac  to  0.8 
MeV,  and  a  0.35-m-long  RFD  linac  to  2.5  MeV,  has  been 
designed,  fabricated,  assembled,  and  commissioned  in  our 
laboratory.  Comparisons  will  be  made  between  the 
projected  and  observed  performances  of  this  structure. 
The  effect  of  this  new  linac  structure  on  the  size,  cost  and 
complexity  of  linac-based  systems  for  practical 
applications  will  be  described.  Plans  for  the  use  of  this 
new  linac  structure  to  satisfy  several  scientific,  industrial 
and  medical  applications  will  be  outlined. 

1  DESCRIPTION  OF  THE  PROTOTYPE 

A  2.5-MeV  prototype  of  a  “Compact  12-MeV  Proton 
Linac  for  PET  Isotope  Production”  is  under  construction 
at  Linac  Systems.  This  unit  will  serve  as  the  “proof  of 
principle”  for  the  revolutionary  new  Rf  Focused  Drift  tube 
(RFD)  linac  structure.  This  structure  resembles  a  drift 
tube  linac  (DTL)  with  radio  frequency  quadrupole  (RFQ) 
focusing  incorporated  into  each  "drift  tube".  Both  the 
prototype  and  the  production  unit  will  operate  at  600 
MHz.  The  prototype  comprises  a  25-keV  proton  ion 
source,  an  dual  einzel-lens-based  LEBT,  a  0.65-m-long 
RFQ  linac  to  0.8  MeV,  and  a  0.35-m-long  RFD  linac  to 
2.5  MeV.  The  two  linac  structures  will  be  resonantly 
coupled  and  powered  by  a  collection  of  twelve  planar 
triodes.  The  extreme  simplicity  of  the  interface  between 
the  two  structures  contributes  to  the  practicality  of  this 
operational  test  on  a  limited  budget.  The  entire  length  of 
the  two  linacs,  including  their  interface,  is  only  one  meter. 
The  entire  assembly  will  be  evacuated  by  2  turbo- 
molecular  pumps  and  1  ion  pump.  The  alignment 
philosophy  is  based  on  precision  machining  and  "hard 
socket"  for  installation  of  the  drift  tubes.  We  believe  that 
this  new  structure  will  become  the  structure  of  choice  to 
follow  RFQ  linacs  in  many  scientific,  medical,  and 
industrial  applications. 


2  ION  SOURCE  AND  RFQ  LINAC 

COMMISSIONING 

A  prerequisite  to  testing  the  performance  of  the  RFD  linac 
structure  was  the  testing  of  the  properties  of  the  0.8-MeV 
beam  to  be  injected  into  the  RFD  linac  structure.  This 
beam  originates  in  the  duoplasmatron  ion  source,  passes 
through  the  dual  Einzel-lens  LEBT,  and  is  accelerated  to 
0.8-MeV  by  the  600-MHz  RFQ  linac  of  the  Prototype. 

The  performance  of  the  Ion  source  and  LEBT  was 
established  many  months  ago  by  measuring  the  proton 
beam  current  on  and  through  a  segmented  aperture  and 
falling  on  a  viewing  screen.  For  a  25-kV  ion  source 
potential  and  Einzel-lens  potentials  near  25  kV,  a  few 
milliampere  proton  beam  converged  so  that  most  of  it 
went  through  the  segmented  aperture  and  formed  a  small 
spot  at  the  center  of  the  viewing  screen.  Some 
electrostatic  steering  was  available,  but  seemed  not  to  be 
required. 

As  the  RFQ  linac  gets  its  rf  power  from  the  RFD  linac  via 
the  resonant  coupler,  there  is  no  provision  for  exciting  the 
RFQ  linac  without  also  exciting  the  RFD  linac  structure. 
In  order  to  confirm  the  performance  of  the  RFQ  linac, 
independent  of  the  RFD  linac,  it  was  necessary  to 
intercept  the  beam  from  the  RFQ  linac  inside  the  RFD 
linac  and  to  diagnose  its  properties  while  the  RFD  linac 
structure  was  excited  with  rf  power.  In  order  to  do  this, 
we  removed  the  RFD  drift  tubes  and  insert  a  single,  larger 
diagnostic  drift  tube  fitted  with  a  0.5-MeV  absorber  foil 
and  a  Faraday  cup.  Without  the  foil,  there  was  a  steady 
increase  in  beam  current  with  rf  power  level  until  some 
maximum  current  was  reached.  With  the  foil,  a  definite 
threshold  was  observed  in  the  rf  power  level,  below  which 
no  beam  was  accelerated.  Based  on  this  threshold, 
estimates  of  the  design  excitation  of  the  RFQ  linac  were 
established. 

3  RFD  LINAC  COMMISSIONING 

Following  the  commissioning  of  the  RFQ  linac,  the  RFD 
drift  tubes  were  reinstalled  and  the  resonant  coupler  slot 
dimensions  were  adjusted  to  give  the  desired  ratio  rf  fields 
in  the  two  linac  structures. 

For  the  first  few  hours  of  excitation,  the  RFD  linac 
structure  was  hung  up  in  a  solid  multipactor.  Although 
the  twin-bladed  stems  of  the  RFD  drift  tubes  are  prone  to 
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multipactor,  it  proved  possible  to  break  through  that 
phenomenon.  However,  once  through  the  multipactor 
regime  ,  we  were  unable  to  get  much  more  power  into  the 
combined  structures.  The  following  problems  were 
observed  and  fixed: 

1)  Discrepancies  were  found  in  the  phase  and  amplitude 
of  the  drive  to  each  of  the  12  final  power  amplifier  (FPA) 
planar  triode  tubes.  The  rf  drive  configuration  involves  a 
three-way  power  splitter  at  the  IPA  amplifier  and  3  four¬ 
way  power  splitter  near  the  FPA.  The  four-way  power 
splitters  were  replaced  with  a  new  and  improved  design. 

2)  Standing  waves  in  the  rf  drive  configuration  resulted  in 
voltages  that  exceeded  the  voltage  capabilities  of  the  RG- 
316  coax  and  the  SMA  connectors  that  were  being  used. 
The  configuration  was  changed  to  use  RG-223/U  coax  and 
TNC  connectors. 

3)  The  length  of  the  3-1/8  rigid  coax  line  between  the 
FPA  and  the  RFD  linac  was  designed  to  be  one 
wavelength  (0.50  meters).  The  length  of  this  line  is 
critical  to  the  performance  of  the  rf  system.  Tests  were 
made  with  this  line  both  lengthened  by  25  mm  and 
shortened  by  50  mm.  The  shorter  option  seems  to  be 
preferred  by  the  rf  power  protection  circuitry. 

4)  Some  of  the  rf  contacts  in  the  sliding  tuners  of  the  rf 
power  system  were  very  difficult  to  operate.  These 
sliding  contacts  were  reworked. 

5)  Measurements  of  the  Q  of  the  combined  structure 
indicated  that  the  power  required  for  design  excitation  was 
more  that  we  could  get  from  the  rf  power  system. 
SUPERFISH  implies  that  the  RFD  should  have  a  stored 
energy  of  2.57  J.  Early  estimates  of  the  Q  (or  power 
requirement)  for  the  RFD  indicated  a  Q  of  about  48,000, 
implying  a  power  requirement  of  200  kW.  Improved 
estimates  of  the  stem  losses  (two-bladed  stems  for  12 
short  cells)  and  the  end  wall  losses  (two  end  walls  for  a 
very  short  tank)  have  reduced  the  expected  Q  to  37,000, 
implying  a  power  requirement  of  262  kW.  The  best 
measured  Q  of  the  RFD  (isolated  from  the  RFQ)  is  about 
18,000,  implying  a  power  requirement  of  538  kW. 

4  A  SEARCH  FOR  CAVITY  Q 

At  this  point,  a  study  was  launched  to  determine  why  the 
Q  was  so  low.  Under  suspicion  were  the  joints  between 
tank  ends  and  the  end  walls  (spring  ring  under  mild 
compression),  the  surface  conductivity  of  the  copper 
plating,  and  the  ion  pump  port.  The  coupling  slot  to  the 
RFQ  was  closed  to  eliminate  the  RFQ  from  suspicion. 

Many  attempts  were  made  to  improve  the  Q  by  replacing 
the  original  spring  ring  join  with  joints  based  on  spring 
rings  under  higher  compression,  copper  braid  covered 
spring  ring,  solid  aluminum  wire  and  soft  silver  wire 


under  very  high  compression.  None  of  these  test  resulted 
in  much  of  an  increase  in  the  Q  of  the  structure. 

Many  attempt  were  made  to  test  the  rf  conductivity  of  the 
end  plates  by  using  an  open-sided  S-band  cavity  against 
the  planar  copper-plated  surfaces  of  the  Prototype.  These 
measurements  are  difficult  to  make  and  were 
inconclusive. 

Finally,  we  removed  the  RFD  drift  tubes,  leaving  a  right 
circular  cylindrical  tank  376-mm  in  diameter  and  342.26- 
mm  long.  Here  we  have  the  possibility  to  compare  our 
measurements  with  the  well-known  properties  of  the 
TM010  and  TEon  modes  in  a  right  circular  cylinder.  The 
TEon  mode  is  of  particular  interest  because  it  involves 
only  circumferential  currents,  making  the  field  distribution 
and  Q  virtually  independent  of  the  quality  of  the  electrical 
contact  between  the  cylindrical  tank  and  the  end  plates. 
This  mode  primarily  tests  the  conductivity  of  the  copper- 
plated  cavity  surfaces.  The  TM010  mode  is  the  drift  tube 
linac  mode  and  is  dependent  on  both  the  quality  of  the 
cavity  surfaces  and  the  quality  of  the  joints  between  the 
cylindrical  tank  and  the  end  plates. 

The  frequency  of  both  modes  were  within  one  tenth 
percent  of  their  theoretical  values  (610.3  MHz  for  the 
TM010  mode  and  1061.8  MHz  for  the  TE01I  mode).  The  Q 
of  the  TE0)1  mode  (59,489)  was  65%  of  the  theoretical 
value  of  91,507.  The  Q  of  the  TM010  mode  (16,000)  was 
35%  of  the  theoretical  value  of  45,600.  This  suggests  a 
problem  with  both  the  surface  conductivity  of  the  copper 
plating  and  the  conductivity  of  the  end  joints. 

The  RFD  linac  tank  and  end  plates  have  been  redesigned 
to  utilize  copper  Helicoflex  seals  for  both  the  rf  and 
vacuum  seal.  The  design  includes  an  elastomer  seal 
behind  the  Helicoflex  seal  for  back-up  purposes.  The 
linac  tank  and  end  plates  will  be  stripped  of  copper  and  re¬ 
plated.  This  work  should  be  completed  by  the  second 
week  in  April. 

5  FINAL  COMMISSIONING  PLANS 

We  expect  to  continue  the  commissioning  of  this 
prototype  as  soon  as  the  RFD  linac  structure  is  re-plated. 
The  challenge  then  will  be  to  get  enough  rf  power  into  the 
structure,  to  establish  that  there  is  an  accelerated  beam  and 
to  measure  the  properties  of  it. 

6  APPLICATIONS  FOR  THE  RFD  LINAC 

We  expect  the  RFD  linac  structure  to  form  the  basis  of  a 
new  family  of  compact,  economical,  and  reliable  linac 
systems  serving  a  whole  host  of  scientific,  medical,  and 
industrial  applications.  The  principal  medical  applications 
include  the  production  of  short-lived  radio-isotopes  for  the 
positron-based  diagnostic  procedures  (PET  and  SPECT), 
the  production  of  epithermal  neutron  beams  for  BNCT, 
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and  accelerated  proton  beams  for  injection  into  proton 
synchrotrons  to  produce  the  energies  required  for  proton 
therapy.  We  propose  S-Band  versions  of  the  structure  to 
serve  as  70-MeV  injectors  to  200-MeV  Disk  and  Washer 
(DAW)  booster  linacs  for  the  proton  therapy  application. 

The  principal  industrial  and  military  applications  include 
the  production  of  intense  thermal  neutron  beams  for 
Thermal  Neutron  Analysis  (TNA),  Thermal  Neutron 
Radiography  (TNR),  and  Nondestructive  Testing  (NDT). 

High  duty  factor  RFD  linac  systems  could  produce 
nanosecond  bursts  of  fast  neutrons  to  support  Pulsed  Fast 
Neutron  Analysis  (PFNA). 
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BEAM  TEST  RESULTS  WITH  THE  ISAC  35  MHZ  RFQ 

R.E.  Laxdal,  R.A.  Baartman,  L.  Root 


Abstract 

The  ISAC  35  MHz  split-ring  RFQ  is  designed  to  accelerate 
ions  of  A/q  <  30  from  2  keV/u  to  150  keV/u  in  cw  mode  at 
a  constant  synchronous  phase  of  —25°.  Beam  tests  with  7 
of  the  19  split  rings  installed  {Ef\n  =  0.55  keV/u)  have  re¬ 
cently  been  completed.  The  tests  demonstrated  that  a  con¬ 
stant  synchronous  phase  RFQ  with  external  buncher  works 
splendidly  for  low  beta,  low  intensity  applications.  One  pe¬ 
culiar  aspect  of  the  RFQ  is  that  the  longitudinal  acceptance 
is  larger  for  beams  injected  off-center.  The  test  set-up  and 
results  of  both  the  measurements  and  the  simulations  are 
presented  and  discussed. 

1  INTRODUCTION 

A  radioactive  ion  beam  facility  with  on-line  source  and  lin¬ 
ear  post-accelerator  is  being  built  at  TRIUMF[1],  The  ac¬ 
celerator  chain  includes  a  35  MHz  split-ring  RFQ,  operat¬ 
ing  cw,  to  accelerate  beams  of  A/q  <  30  from  2  keV/u 
to  150keV/u[2].  The  final  RFQ  electrodes  will  span  7.6  m 
with  19  modules  each  consisting  of  one  ring  and  40  cm  of 
electrodes.  The  gross  specifications  include  a  bore  radius  of 
r0  =  7.4  mm,  and  a  maximum  inter- vane  voltage  of  74  kV. 
A  unique  feature  of  the  design  is  the  constant  synchronous 
phase  of  -25°  [3],  The  buncher  and  shaper  sections  of  the 
RFQ  have  been  eliminated  in  favour  of  a  four-harmonic 
sawtooth  pre-buncher  located  ~5  m  upstream  of  the  RFQ 
in  the  low  energy  beam  transport  (LEBT).  This  shortens  the 
RFQ  and  yields  a  smaller  longitudinal  emittance  at  the  ex¬ 
pense  of  a  slightly  lower  beam  capture.  The  pre-buncher 
operates  at  a  fundamental  frequency  of  1 1 .7  MHz,  one  third 
the  frequency  of  the  RFQ.  Presently  three  harmonics  are  op¬ 
erational  on  the  pre-buncher  resulting  in  a  predicted  capture 
efficiency  of  80%. 

It  was  decided  to  proceed  with  a  two-stage  installation. 
We  have  installed  and  tested  with  beam  the  first  seven  rings 
of  the  RFQ.  Installation  of  the  remaining  twelve  rings  is 
now  in  progress. 

2  THE  TEST  SET-UP 

A  schematic  of  the  test  set-up  is  shown  in  Fig.  1.  An  rf 
short  is  placed  after  the  seventh  module  to  confine  the  rf 
fields.  Eight  electrostatic  quadrupoles  are  used  to  trans¬ 
port  the  beam  to  a  diagnostic  station  downstream  of  the 
RFQ  tank.  A  Faraday  cup  and  profile  monitor  assembly  are 
placed  just  after  the  RFQ  short  and  again  in  the  middle  of 
the  electrostatic  transport  after  the  fourth  quadrupole.  The 
quadrupoles  when  tuned  act  as  an  energy  filter;  the  unac¬ 
celerated  beam  is  lost  in  the  first  few  quadrupoles.  There¬ 
fore  the  transmission  difference  between  the  first  Faraday 
cup  and  the  second  marks  the  capture  efficiency  of  the  RFQ. 


Figure  1 :  Schematic  diagram  of  the  test  set-up. 


The  diagnostic  station  shown  in  Fig.  1  includes  a  Faraday 
cup,  profile  monitor  and  a  spectrometer  consisting  of  an  ob¬ 
ject  and  image  slit  and  a  90  degree  bending  magnet.  A  slit 
and  harp  transverse  emittance  rig  is  positioned  upstream  of 
the  magnet.  An  Allison  type  emittance  rig  is  located  in  the 
LEBT  to  record  transverse  emittances  before  acceleration. 

3  RESULTS 

Both  rf  and  beam  tests  have  been  successfully  completed. 
The  RFQ  was  operated  in  cw  mode  for  all  beam  tests.  The 
operation  of  the  RFQ  at  peak  voltage  (74  kV)  is  stable[4]. 
Beams  of  both  N+  and  have  been  accelerated  to  test  the 
RFQ  at  low  and  high  power.  Two  beam  emittances  were 
used:  a  regular  emittance  beam  of  (3ex,y  =  0.037rmm-mrad 
and  a  collimated  ‘pencil’  beam  of  f3eXiy  =  0.0037rmm- 
mrad. 

3.1  Regular  Emittance  Beam 

Beam  Capture  Beam  capture  measurements  as  a  func¬ 
tion  of  RFQ  vane  voltage  have  been  completed  for  each  ion 
and  for  both  unbunched  and  bunched  input  beams.  The  re¬ 
sults  are  given  in  Fig.  2  (squares)  along  with  efficiencies 
predicted  by  PARMTEQ  (dashed  lines).  The  RFQ  capture 
efficiency  at  the  nominal  voltage  is  80%  in  the  bunched  case 
(three  harmonics)  and  25%  for  the  unbunched  case  in  rea¬ 
sonable  agreement  with  predictions.  The  capture  efficien¬ 
cies  for  one  harmonic  and  two  harmonic  pre-bunching  are 
63%  and  74%  respectively. 

Energy  and  Energy  Spread  The  energy  of  the  beam 
as  measured  with  the  analyzing  magnet  is  55  keV/u.  The 
energy  spread  for  the  bunched  and  unbunched  cases  was 
measured  at  ±0.4%  and  ±0.7%  respectively  and  compares 
well  with  PARMTEQ  predictions  (Fig.  3) 

Transverse  Emittance  Transverse  emittances  were 
measured  before  and  after  the  RFQ.  The  results  show  that 
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RFQ  Vane  Voltage  (kV) 


Figure  2:  The  beam  capture  (squares)  for  both  bunched 
and  unbunched  initial  beams  of  N+  as  a  function  of  rela¬ 
tive  vane  voltage  are  compared  with  PARMTEQ  calcula¬ 
tions  (dashed  lines).  In  (b)  results  for  both  Nj  and  N+  are 
plotted  with  respect  to  absolute  vane  voltage. 


-2-10  1  2  -2-10  1  2 


4E/E(X)  AE/E(%) 

Figure  3:  Results  of  energy  spread  measurements  of  accel¬ 
erated  N+  beams  for  both  (a)  unbunched  and  (b)  bunched 
cases.  PARMTEQ  simulation  results  are  plotted  for  compar¬ 
ison. 

when  the  matching  is  optimized  the  emittance  growth  in 
both  planes  is  less  than  10%  for  an  initial  beam  of  157rmm- 
mrad.  A  summary  of  the  results  for  N+  is  presented  in 
Fig.  4.  Space  charge  forces  limit  the  longitudinal  accep¬ 
tance  for  currents  above  ~  1  fiA  but  do  not  impact  the  trans¬ 
verse  emittance. 

3.2  Pencil  Beam  Experiments 

During  initial  beam  commissioning  it  was  observed  that 
when  the  system  was  tuned  for  maximum  capture  the  beams 
emerged  far  off-center.  There  was  concern  that  a  dipole 
component  internal  to  the  RFQ  was  steering  the  beam.  Two 
circular  apertures  of  2  mm  separated  by  0.7  m  were  placed 
in  the  RFQ  injection  line  to  create  a  centered  ‘pencil  beam’ 
to  diagnose  the  problem.  A  vertical  deflecting  steerer  was 
available  downstream  of  the  collimators  to  move  the  beam 
around  the  RFQ  aperture. 

The  tests  showed  that  the  RFQ  dipole  component  was 
negligible.  However  we  found  that  the  acceptance  of  the 
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Figure  4:  Transverse  emittance  measurements  (4RMS  val¬ 
ues)  for  N14  before  and  after  the  RFQ.  The  normalized 
emittance  values  are  also  displayed. 

RFQ  is  larger  for  off-centered  beams.  The  two-term  poten¬ 
tial  function  yields  the  spatial  component  of  the  accelerat¬ 
ing  field  as 

„  kAV  T  ,,  v  •  , 

Ez  =  — —  l0(kr)smkz 
z 

where  k  =  2tt/(3\  and  /?  is  the  relative  particle  veloc¬ 
ity.  Hence  off-axis  particles  experience  stronger  fields  than 
on-axis  particles,  particularly  at  injection  where  p  is  small. 
In  the  ISAC  RFQ  the  design  synchronous  phase  is  fixed  at 
—25°  at  the  nominal  voltage  but  for  off-axis  particles  the 
effective  synchronous  phase  decreases,  increasing  the  ac¬ 
ceptance.  A  typical  measure  of  the  synchronous  phase  is 
the  cut-off  voltage,  that  voltage  below  which  no  accelera¬ 
tion  can  occur.  Beam  transmission  as  a  function  of  RFQ 
voltage  measured  for  a  centered  beam  and  two  off-centered 
cases  (Ac  =  1.7  mm  and  Ac  =  2.7  mm),  plotted  in  Fig.  5, 
clearly  shows  that  the  cut-off  voltage  decreases  for  increas¬ 
ing  amounts  of  off-centering.  As  the  voltage  nears  cut-off 
the  difference  in  acceptances  between  on-axis  and  off-axis 
particles  is  enhanced. 


RFQ  Relative  Voltage  (%) 

Figure  5:  Transmission  of  ‘pencil  beam’  as  a  function  of 
RFQ  voltage  for  a  centered  beam  and  two  cases  of  off- 
centered  beam. 
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Transverse  Acceptance  and  Centering  Error  An 

off-center  small  emittance  beam  passing  through  the  RFQ 
makes  coherent  oscillations  about  the  RFQ  axis.  The  trans¬ 
verse  phase  advance  per  unit  length  is  dependent  on  the 
RFQ  voltage.  The  centering  error  can  be  determined  by 
scanning  the  RFQ  voltage  to  produce  a  2ir  change  in  the 
transverse  phase  advance  while  recording  the  final  beam 
position.  The  rate  of  phase  change  with  RFQ  voltage,  when 
compared  with  beam  simulations,  can  be  used  to  determine 
if  the  centering  error  was  due  to  a  mis-alignment  at  injec¬ 
tion  or  was  developed  during  acceleration  from  a  dipole  er¬ 
ror.  Beam  position  as  a  function  of  RFQ  voltage  is  given 
in  Fig.  6  for  steering  plate  settings  of  0,  400  V  and  600  V. 
The  two  deflected  cases  correspond  to  the  transmission  data 
plotted  in  Fig.  5.  Based  on  the  steering/transmission  data 
the  transverse  acceptance  was  estimated  to  be  >  140/rmm- 
mrad. 

Longitudinal  Acceptance  The  longitudinal  accep¬ 
tance  was  measured  for  a  centered  and  an  off-centered 
beam  ( Ac  =  2.7  mm)  at  the  nominal  RFQ  voltage.  The 
energy  of  the  injected  beam  was  varied  at  the  source.  For 
each  energy  step  the  phase  of  the  bunched  beam  was  varied 
with  respect  to  the  RFQ  phase  and  the  capture  efficiency 
was  recorded.  Comparison  of  calculated  and  measured 
beam  transmission  contours  for  centered  and  off-centered 
cases  are  presented  in  Fig.  7.  The  settings  where  the 
capture  dropped  to  50%  of  peak  value  is  used  to  define  the 
longitudinal  acceptance  contour.  The  measured  acceptance 
is  estimated  to  be  220?r%-deg  and  4607r%-deg  at  35  MHz 
for  the  centered  and  off-centered  beams  repectively  (0.35 
and  0.737rkeV/u-ns).  PARMTEQ  simulations  predict  cor¬ 
responding  acceptances  of  3 107r%-deg  and  5707r%-deg 
(0.49  and  0.9l7rkeV/u-ns). 

4  TUNING  AND  MATCHING 

The  increase  in  accelerating  field  strength  for  off-axis  par¬ 
ticles  provides  a  large  stable  saddle  point  in  the  longi¬ 
tudinal  motion.  One  problem  however  is  that  the  trans¬ 
mission  improves  (at  the  expense  of  beam  quality)  as  the 
beam  moves  off-center  making  tuning  difficult.  Larger  un¬ 
matched  beams  are  subject  to  a  spread  in  the  radial  tune  due 


Figure  6:  Beam  position  at  RFQ  exit  as  a  function  of  RFQ 
voltage  for  steering  plate  strengths  of  0,  400  V  and  600  V. 


Calculated  Measured 


Figure  7:  Beam  transmission  contours  (plotted  every  10%) 
for  calculated  values  ((a)centered  and  (b)off-centered)  and 
measured  values  ((c)centered  and  (d)off-centered).  Off- 
centered  beams  have  a  coherent  amplitude  of  Ac  =  2.7  mm. 

to  the  radial  variation  in  the  field  strength  and  produce  trans¬ 
verse  emittance  growth.  A  larger  phase  acceptance  leads  to 
a  higher  population  of  the  tails  in  the  accelerated  longitudi¬ 
nal  emittance.  An  optimization  procedure  was  developed 
where  the  LEBT  is  tuned  at  high  RFQ  voltage  for  maxi¬ 
mum  transmission  then  the  last  steering  plates  and  matching 
quadrupoles  are  re-tuned  at  an  RFQ  voltage  near  cut-off  to 
achieve  a  local  minimum  in  the  transmission.  The  proce¬ 
dure  results  in  both  a  centered  and  a  matched  beam  since  a 
matched  beam  sees  more  uniform  accelerating  fields  on  av¬ 
erage. 

5  CONCLUSION 

The  beam  test  results  demonstrate  a  strong  confirmation  of 
both  the  beam  dynamics  design  and  the  engineering  con¬ 
cept  and  realization  and  give  us  full  confidence  in  proceed¬ 
ing  with  the  installation  of  the  remaining  twelve  split  rings. 
The  ‘pencil  beam’  proved  invaluable  in  diagnosing  the  ef¬ 
fects  of  off-center  beams  on  beam  capture. 
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DESIGN  OPTIMIZATION  OF  THE  PROPOSED  ISAC-2  PROJECT  AT 

TRIUMF 


R.E.  Laxdal  and 

Abstract 

A  radioactive  ion  beam  facility,  ISAC,  is  presently  under 
construction  at  TRIUMF.  The  post-accelerator  takes  ions  of 
A/q  <  30  from  2  keV/u  to  energies  up  to  1.5  MeV/u.  For 
the  next  five  year  plan,  it  is  intended  to  increase  the  final  en¬ 
ergy  above  the  Coulomb  barrier  (roughly  6.5  MeV/u)  and 
broaden  the  mass  range  up  to  roughly  A=150.  The  ISAC- 
2  proposal  utilizes  the  existing  RFQ,  and  a  new  IH  drift 
tube  linac  to  reach  a  new  stripping  energy  of  0.4  MeV/u. 

A  post-stripper  superconducting  linac  will  accelerate  ions 
with  3  <  A/q  <  7  to  6.5  MeV/u  for  the  heaviest  ions  and 
to  more  than  twice  this  value  for  the  lightest  ions.  This  pa¬ 
per  documents  the  optimization  of  the  ISAC-2  linac  design. 

1  INTRODUCTION 

The  ISAC  facility  now  under  construction  at  TRIUMF[1] 
will  provide  exotic  ions  of  mass  A  <  30  up  to  energies 
of  1.5  MeV/u.  The  post-accelerator  (dashed  area  in  Fig.  2) 
consists  of  a  35  MHz  RFQ  to  increase  the  energy  of  ions 
with  A/q  <  30  from  2  keV/u  to  the  150  keV/u  stripping 
energy  and  a  post-stripper  105  MHz  drift-tube  linac  (DTL) 
to  accelerate  ions  with  3  <  A/q  <  6  to  a  final  energy 
fully  variable  between  0.15  and  1.5  MeV/u.  All  linac  com¬ 
ponents  operate  cw  to  maintain  the  intensity  of  the  ions. 

For  the  next  five  year  funding  segment  beginning  April 
2000  it  is  proposed  to  upgrade  the  present  ISAC  facility. 
The  proposed  expansion,  ISAC-2,  would  extend  the  ac¬ 
cepted  mass  range  up  to  150  and  the  final  energy  to  above 
the  Coulomb  barrier  (E  >  6.5  MeV/u)  making  TRIUMF  a 
unique  world  class  center  for  exotic  beam  investigations. 

2  OVERVIEW  OF  SCHEME 

The  ISAC-2  proposal  utilizes  the  existing  ISAC-1  RFQ  for 
low  energy  acceleration  and  therefore  requires  that  the  ion 
charge  from  the  source  obeys  A/q  <  30.  Recent  ad¬ 
vances  in  charge  state  booster  (CSB)  developmental  make 
this  choice  feasible.  A  CSB  will  be  added  after  the  mass- 
separator  to  increase  the  charge  state  of  ions  with  A  >  30. 

Assuming  a  single  stripping  stage  the  total  voltage  re¬ 
quired  to  reach  6.5  MeV/u  from  2  keV/u  is  given  by 

Vtot  =  ~(ES  -  0.002)  +  -(6.5  -  E, ) 

Qi  9$ 

where  g,-  is  the  initial  charge  injected  into  the  RFQ,  qs  is  the 
charge  state  after  stripping  and  Es  is  the  stripping  energy. 
The  total  voltage  required  for  accelerating  several  different 
ions  to  6.5  MeV/u  as  a  function  of  stripping  energy  is  given 
in  Fig.  1 .  The  optimum  energy  for  stripping  is  ~400  keV/u 
with  stripping  efficiencies  varying  from  50%  for  the  lightest 
ions  to  15%  for  A  =  150. 
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Figure  1:  The  total  voltage  required  to  accelerate  various 
ions  from  0.15  to  6.5  MeV/u  as  a  function  of  stripping  en¬ 
ergy. 

A  room-temperature  DTL  operating  in  cw  mode  will  be 
used  to  accelerate  ions  of  A/q  <  30  from  the  RFQ  from 
0.15  —  0.4  MeV/u.  The  beam  then  is  stripped  and  the 
ion  charge  selected  in  a  new  MEBT-2  that  bends  the  beam 
through  90°  to  a  line  parallel  to  the  ISAC- 1  DTL  line.  Ions 
of  mass  to  charge  ratio  3  <  A/q  <  7  are  matched  into 
a  superconducting  DTL  on  this  line  and  accelerated  to  at 
least  6.5  MeV/u  and  then  transported  to  the  experimental 
stations.  A  summary  of  the  linac  specifications  is  shown  in 
Table  1.  A  schematic  of  the  proposed  ISAC-2  linear  accel¬ 
erator  complex  is  shown  in  Fig.  2. 


Table  1:  Summary  of  ISAC-2  linac  specifications. 


Device 

Ein 

(MeV/u) 

£out 

(MeV/u) 

A/q 

^Knax 

(MV) 

CSB 

— 

0.002 

<  30 

0.06 

RFQ1 

0.002 

0.15 

<  30 

4.44 

IH-DTL2 

0.150 

0.40 

<  30 

7.50 

strip 

SC-DTL 

0.40 

6.5 

3  — »  7 

42.7 

3  CHARGE  STATE  BOOSTER 

The  CSB  would  take  the  singly  charged  radioactive  beam 
from  the  mass-separator  and  boost  the  charge  state  to  be 
compatible  with  A/q  <  30  for  the  RFQ.  Both  ECR  and 
EBIS  sources  are  being  considered.  An  attractive  option  is 
to  develop  a  charge  state  booster  which  would  give  A/q  < 
7.  This  would  obviate  the  need  for  any  stripping  and  the  in¬ 
herent  loss  of  intensity.  Recent  results  suggest  that  efficien¬ 
cies  of  2%  are  possible  in  this  latter  mode  and  from  10-20% 
in  the  low-g  mode[3],  A  budget  amount  of  2M$  has  been 
allocated  for  this  project. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Figure  2:  The  ISAC-2  linear  accelerator  complex. 


Table  2:  Specifications  for  the  pre-stripper  IH-DTL. 


Parameter 

Tank  1 

Tank  2 

Energy  Range 
A/q 

Veff 

No.  of  cells 

Eg  (MV/m) 
Length  (m) 
Power  (kW) 

150-250  keV/u 
30 

3.0  MV 
13,21 

2.7 

2.2 

30 

250-400  keV/u 
30 

4.5  MV 
21,20 

2.7 

3.0 

45 

MfM(\ 

\  i 

IjAiXiXN 

;  1  .  . 
130395!  / !  /  !  V  :0iiC3n808H!^{| 

r. v  Y? 

Tank  1  Tank  2 


4  PRE-STRIPPER  LINAC 

The  IH  linac  structure  operates  at  very  high  shunt 
impedance  values  making  cw  operation  at  room  tempera¬ 
ture  possible.  In  ISAC-2  the  application  is  for  a  fixed  final 
velocity,  so  long  tanks  each  containing  many  drift  tubes 
are  used  to  achieve  the  highest  acceleration  efficiency. 
Magnetic  quadrupoles  are  installed  both  in  tanks  and 
between  tanks  to  provide  periodic  transverse  focusing.  The 
small  longitudinal  and  transverse  emittances  from  the  RFQ 
(ez  =  0.37T  keV/u  ns  and  0(x,y  =  0.l7rmm  mrad)  allow  a 
frequency  of  70  MHz,  double  that  of  the  RFQ  frequency, 
reducing  the  size  of  the  DTL  tanks  and  improving  the 
shunt  impedance.  The  shunt  impedance  for  the  structure  is 
estimated  to  be  ~  300  MQ/m,  In  a  cw  DTL  the  dissipated 
power  is  a  more  limiting  factor  than  the  peak  surface 
field  in  establishing  the  operating  gradient.  A  power 
dissipation  of  20  kW/m  can  be  safely  cooled.  The  relation 
Pi  =  ( E0T)2 /Z ,  where  Pi  is  the  power  per  unit  length  and 
Z  is  the  effective  shunt  impedance  then  gives  an  average 
effective  gradient  E0T  of  2.4  MV/m. 

A  schematic  diagram  of  the  linac  is  shown  in  Fig.  3.  In 
order  to  reduce  the  demands  on  the  rf  amplifier  the  DTL 
is  divided  into  two  tanks  each  with  one  quadrupole  triplet 
inside  roughly  midway  down  the  tank  and  one  quadrupole 
triplet  between  tanks.  Each  triplet  is  ~  65  cm  long  with  gra¬ 
dients  up  to  60  T/m.  A  diagnostic  box  will  also  be  added 
to  the  intertank  region.  The  total  length  of  the  linac  is 
5.8  m.  The  beam  dynamics  utilizes  the  method  developed  at 
GSI[2]  where  a  short  -60°  section  is  used  after  each  mag¬ 
net  system  for  rebunching  followed  by  an  accelerating  sec¬ 
tion  at  a  synchronous  phase  of  0°.  A  summary  of  the  tank 
specifications  is  given  in  Table  2.  The  acceptance  of  the 
linac  is  =  3.67T  keV/u  ns  and  /3ex<y  =  0.87rmm  mrad. 
With  the  expected  beams  from  the  RFQ  the  emittance  in¬ 
crease  during  acceleration  is  calculated  to  be  less  than  5%. 


Figure  3:  The  pre-stripper  IH-linac  for  ISAC-2. 


5  POST-STRIPPER  LINAC 

Recent  improvements  in  accelerating  gradient  and  simpli¬ 
fication  of  fabrication  procedures[4]  plus  flexible  opera¬ 
tion  and  high  beam  quality  make  a  superconducting  linac 
a  favourable  choice  for  the  ISAC-2  post-stripper  acceler¬ 
ator.  Superconducting  heavy  ion  linacs  are  composed  of 
several  independently  fed  cavities  arranged  in  a  common 
cryostat  with  focusing  magnets  at  periodic  intervals  down 
the  length.  In  the  ISAC-2  linac  we  choose  a  geometry  hav¬ 
ing  four  resonators  in  a  cylindrical  vertically  mounted  cryo¬ 
stat  with  room-temperature  quadrupoles  between  cryostats. 
A  two-gap  quarter  wave  structure  was  chosen  for  its  high 
velocity  acceptance  and  inherent  mechanical  stability.  The 
former  is  useful  to  efficiently  accelerate  the  wide  range  of 
ions  with  a  minimum  of  cavity  types  and  the  latter  is  essen¬ 
tial  to  produce  high  accelerating  gradients. 

For  optimization  the  acceleration  efficiency  is  calculated 
for  both  two-  and  three-gap  cavities  each  using  two  or  three 
different  /?  regimes.  Efficiencies  over  the  whole  A/q  range 
are  calculated  assuming  a  fixed  acceleration  gradient.  The 
conclusion  is  that  linac  performance  even  with  a  two-/?, 
two-gap  solution  is  remarkably  good,  with  an  integrated 
time  constant  of  better  than  82%  over  the  whole  mass  range 
compared  to  a  theoretical  maximum  time  constant  of  90%. 
The  acceleration  efficiency  for  A/q  =  7  and  A/q  =  3  for 
two-gap  cavities  with  two  /?  sections  (SC-DTL1  and  SC- 
DTL2)  corresponding  to  (30  values  of  4.8%  and  9.6%  and 
a  voltage  gain  ratio  in  respective  sections  of  1:3  are  shown 
in  Fig.  4.  To  reach  Vefi  =  42.7  MV  with  an  integrated  time 
constant  of  82%  and  an  average  synchronous  phase  of —25° 
requires  a  voltage  of  57.5  MV  with  roughly  14.4  MV  and 
43.1  MV  from  the  low-  and  high-/?  sections  respectively. 
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Figure  4:  The  acceleration  efficiency  for  A/q  =  7  and 
A/q  =  3  for  two-gap  cavities  with  low-  and  high-/?  Sec¬ 
tions  corresponding  to  j3a  values  of  4.8%  and  9.6%. 

Cavity  Dimensions  Once  the  design  /?„  is  established 
the  cavity  dimensions  are  set  by  the  rf  frequency  choice. 
The  beam  is  bunched  at  11.7  MHz  and  therefore  many  har¬ 
monics  are  available.  A  lower  frequency  increases  the  cav¬ 
ity  length,  hence  reduces  the  required  number  of  cavities 
but  requires  a  longer  inner  conductor  where  mechanical  os¬ 
cillations  may  be  problematic.  For  the  present  example 
we  choose  frequencies  of  70  MHz  and  140  MHz,  the  6th 
and  12th  harmonics  of  the  bunch  frequency,  for  the  low- 
and  high-/?  linac  sections  respectively.  (The  beam  emit- 
tance  is  small  enough  and  the  inherent  acceptance  of  the 
SC-linac  large  enough  that  higher  frequencies  are  possible 
if  required.)  This  gives  a  fixed  cavity  diameter  of  20.5  cm, 
hence  a  common  cryostat  diameter  for  both  sections  of 
about  1  m,  and  cavity  heights  of  107  cm  and  53.5  cm. 

Linac  Structure  Recent  developments  at  Legnaro[4] 
have  shown  that  cavities  of  bulk  Niobium  or  with  Niobium 
films  sputtered  on  a  copper  substrate  can  deliver  gradients 
consistently  above  5  MV/m  and  in  some  cases  as  high  as 
8  MV/m  with  cooling  loads  of  7  W  at  4°K.  We  have  de¬ 
cided  to  set  the  number  of  cavities  based  on  a  gradient  of 
5  MV/m  with  a  lattice  that  is  compatible  with  gradients  up 
to  10  MV/m.  Each  cavity  is  then  capable  of  an  accelerating 
voltage  of  1  MV.  We  opt  for  16  low-/?  cavities  (4  cryostats) 
and  44  high-/?  cavities  (11  cryostats)  for  60  MV.  (Note  that 
this  is  somewhat  different  than  the  optimum  values  quoted 
above  since  cavities  are  installed  in  units  of  four.)  Due  to 
the  strength  of  the  accelerating  fields  and  hence  the  rf  de- 
focusing,  it  is  proposed  to  use  quadrupole  triplets  between 
cryostats  to  refocus  the  beam  into  the  next  cryostat.  Even  in 
this  case  accelerating  gradients  are  limited  to  5  MV/m  and 
7.5  MV/m  in  the  first  two  cryo-stats  while  10  MV/m  can  be 
tolerated  in  the  remainder  of  the  linac.  It  is  also  possible  to 
provide  a  four-quadrupole  transition  cell  after  the  low  en¬ 
ergy  section  and  change  the  lattice  to  a  triplet  every  second 
cryostat  at  the  expense  of  a  larger  average  beam  size.  The 
transverse  focusing  sections  are  50  cm  long  for  the  low-/? 
section  and  60  cm  long  in  the  high-/?  section  with  maxi¬ 


mum  gradients  of  70  T/m.  A  short  diagnostic  box  will  be 
included  in  each  inter-cryostat  region.  A  summary  of  the 
specifications  for  the  post-stripper  linac  is  given  in  Table  3. 

Table  3:  Specifications  for  each  section  of  the  post-stripper 
superconducting  DTL. _ 


Parameter 

SC-DTL1 

SC-DTL2 

E(A/q  =  7) 

0.4-2  MeV/u 

2-7  MeV/u 

E  (A/ 9  =  3) 

0.4-4.2  MeV/u 

4.2-15  MeV/u 

A/q 

3-7 

3-7 

Po 

4.8 

9.6 

/(MHz) 

70 

140 

-^cav 

16 

44 

A^cryo 

4 

11 

Eg  (MV/m) 

5 

5 

V0,Veff  (MV) 

16, 11.5 

44,  33.1 

Length  (m) 

6.0 

18.5 

Beam  Simulations  Beams  of  initial  emittance  /3ex,y  = 
0.27rmm-mrad  and  1.6  7rkeV/u-ns  and  for  A/q  =  3  and 
A/q  =  7  were  simulated  in  the  linac  code  LANA[5]  us¬ 
ing  a  triplet  every  cryostat  and  a  gradient  of  5  MV/m.  Fi¬ 
nal  beam  energies  were  14.9  MeV/u  and  6.9  MeV/u  respec¬ 
tively.  Growth  in  the  transverse  and  longitudinal  emittance 
was  less  than  5%.  The  longitudinal  acceptance  in  both  cases 
was  507r  keV-ns;  30  times  larger  than  the  design  input  beam. 

6  COSTS  AND  SCHEDULE 

The  estimated  cost  of  the  upgrade,  not  including  internal 
manpower  or  building  expansion,  is  1 8  M$  (Can).  The  pro¬ 
posal  is  now  before  the  funding  agency.  A  decision  on  the 
project  is  expected  by  Feb.  2000.  Assuming  the  requested 
funds  are  obtained,  first  beams  at  5  MV/m  and  at  a  limited 
mass  range  would  be  available  as  early  as  2003  with  the 
complete  facility  operational  in  April  2005. 
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TANK1  OF  THE  ISAC-DTL  LINAC 

Pierre  Bricault.  Roger  Poirier,  Thomas  Ries,  Roland  Roper  and  Guy  Stanford. 
TRIUMF,  4004  Wesbrook  Mall,  Vancouver,  BC,  Canada, 


Abstract 

The  first  phase  of  the  ISAC  radioactive  ion  beam  facility 
at  TRIUMF  is  now  completed.  It  combines  an  isotope 
separator-on-line  with  a  post  accelerator.  In  the  second 
phase  a  drift-tube  LINAC  is  required  to  accelerate  ions 
with  a  charge  to  mass  ratio  >  1/6  from  E  =  0.15  MeV/u  to 
a  final  energy  fully  variable  up  to  1 .5  MeV/u.  Due  to  the 
relatively  low  intensities  of  some  of  the  radioactive  ion 
species  continuous  (cw)  operation  of  the  accelerator  is 
preferred.  An  interdigital  H  type  RF  structure  is  chosen 
because  of  its  very  high  shunt  impedance.  The  ISAC-DTL 
is  composed  of  five  IH  tanks  and  three  rebunchers, 
operating  at  105  MHz.  The  basic  design  of  the  structure  is 
similar  to  other  IH  structures  with  the  exception  that  the 
stems  are  water-cooled.  The  features  of  this  mechanical 
design  will  be  discussed  and  the  first  results  of  the  RF 
tests  are  presented. 

1  INTRODUCTION 

A  radioactive  ion  beam  (RIB)  facility  has  been  built  at 
TRIUMF  [1-3].  The  ISAC  facility  uses  the  isotope 
separation  on  line  (ISOL)  technique  to  produce 
radioactive  ion  beams  (RIB).  The  ISOL  system  consists 
of  a  primary  production  beam,  a  target/ion  source,  a  mass 
separator,  and  a  low  energy  beam  transport  system.  These 
systems  together  act  as  the  source  of  radioactive  ion 
beams  to  be  provided  to  the  accelerator  or  the  low-energy 
experimental  areas. 

The  accelerator  complex  comprises  an  RFQ  [4]  to 
accelerate  beams  of  q/A  >  1/30  from  2  keV/u  to  150 
keV/u  and  a  LINAC  (DTL)  to  accelerate  ions  of  q/A  >  1/6 
to  a  final  energy  between  0.15  MeV/u  to  1.5  MeV/u.  Both 
LINACs  are  required  to  operate  cw  to  preserve  beam 
intensity. 

A  first  proposal,  in  1985  envisaged  the  use  of  a 
Wideroe  structure  for  the  ISAC  DTL  LINAC  [5].  The 
idea  was  quickly  abandoned  because  of  the  lack  of 
funding  and  due  to  the  high  power  consumption  of  the 
LINAC.  A  second  study  envisaged  the  use  of  a 
superconducting  structure  [6,7]  for  the  post  stripper 
LINAC.  This  proposal  was  also  abandoned  because  the 
required  time  to  build  a  superconducting  LINAC  was 
incompatible  with  the  scheduled  cash  flow  of  the  ISAC 
funding.  After  approval  of  the  ISAC  FIVE-YEAR  plan  in 
1995  we  came  back  to  a  room  temperature  solution.  The 
interdigital  H  type  RF  structure  (IH)  was  chosen  because 
of  its  high  shunt  impedance  compared  to  Alvarez  or 
Wideroe  RF  structure.  Due  to  the  requirement  of 
continuous  energy  variability  and  preservation  of  the  time 
structure  the  DTL  structure  has  been  configured  as  a 
separated  function  DTL  [8,9],  Five  independently  phased 
IH  tanks  operating  at  <|>s  =  0°  provide  the  main 
acceleration.  Longitudinal  focussing  is  provided  by  three 
independently  phased,  split-ring  resonator  structures 
positioned  before  the  second,  third  and  fourth  IH  tanks. 


Quadrupole  triplets  placed  after  each  of  the  four  IH  tanks 
maintain  transverse  focussing. 

2  DTL  TANK  1  SPECIFICATION 

The  code  LANA  [10]  has  been  used  to  study  the  beam 
dynamics  and  to  set  the  general  specifications  for  the 
DTL  tanks.  At  full  voltage  the  beam  dynamics  are  typical 
for  a  0°  accelerating  structure  [11]  with  the  benefits  of 
optimum  acceleration  efficiency  and  reduced  RF 
defocusing. 

Table  1  gives  the  basic  specifications  of  the  first  IH 
tank  for  the  design  particle  of  q/A  >  1/6.  The  quantity  of 
cells  in  each  tank  is  chosen  to  satisfy  both  transverse 
beam  size  requirements  and  debunching  constraints  in 
variable  energy  mode.  Tank  apertures  are  chosen  to  give 
sufficient  transverse  acceptance  while  maintaining  a  gap- 
to-  aperture  ratio  of  at  least  1 .2  for  efficient  acceleration. 


Table  1  :  DTL  tankl  specifications 


NO. 

Cells 

L 

cm 

A 

mm 

Pin 

% 

Pout 

% 

Q/A 

Veff 

MV 

Four 

MeV/u 

9 

26 

10 

1.5 

2.2 

1/6 

0.5 

0.23 

3  MAFIA  SIMULATIONS  AND  MODEL 
STUDY 

The  electromagnetic  code  MAFIA  was  used  to  simulate 
the  DTL  tank  structure  to  assist  in  optimizing  the 
dimensions  of  the  selected  configuration.  This  eliminates 
construction  of  a  large  number  of  scale  models  during  the 
optimization  process. 

The  calculations  give  power  density  information,  which 
will  then  be  used  to  determine  the  cooling  requirements  of 
the  cw  DTL.  The  electric  field  distribution  inside  a 
cylindrical  cavity  operating  in  the  Hlu-mode  has  a 
sinusoidal  shape.  The  flatness  of  the  gap  voltage 
distribution  along  the  beam  axis  is  one  main  problem  to 
solve.  This  means  that  we  have  to  make  the  capacity  and 
inductivity  per  unit  length  of  the  cavity  constant.  The 
capacity  and/or  inductivity  per  unit  length  of  the  cavity 
have  to  increase  towards  the  ends.  Several  MAFIA 
simulations  were  performed  to  obtain  the  proper  flux 
inducer  shape  at  both  ends  of  the  cavity.  MAFIA  was  also 
used  to  predict  the  appropriate  g/L  dependence  to  flatten 
the  field  distribution.  Table  2  gives  a  summary  of  the  RF 
characteristics  of  tankl . 


Table  2  :  Summary  of  the  RF  characteristics  of  tankl. 


Frequency 

MHz 

Q 

Zcff 

MO/M 

Veff 

MV 

P 

kW 

107.2 

11500 

356 

0.5 

2.6 

A  full-scale  model  of  an  11 -gap  tank  was  built  to  test 
the  tuning  of  the  field  distribution  and  the  characteristics 
of  various  mechanical  tuners.  The  tank  was  built  from  a 
rolled  copper  sheet  6  mm  thick.  The  end  plates  were  made 
from  aluminum  on  which  a  thin  foil  of  copper  was  glued. 
The  ridge  and  the  drift  tube  were  made  from  brass  to  ease 
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the  fabrication.  All  pieces  were  bolted  together  to 
facilitate  changes  of  the  cavity  geometry.  The  coupling 
loop  and  the  tuner  were  installed  in  the  median  plane,  one 
on  each  side  of  the  tank.  Two  types  of  tuners  were 
evaluated  with  this  IH  tank  model.  The  first  tuner  uses  a 
flat  copper  plate;  50  mm  by  280  mm.  Vibrations  of  that 
plate  make  die  frequency  stabilization  extremely  difficult. 
The  second  tuner  uses  a  half  cylinder  50-mm  radius.  Even 
if  the  frequency  stabilization  is  much  better  the  tuner 
vibration  still  has  some  effect.  A  larger  radius  of  100  mm 
does  not  show  any  frequency  shift  due  to  vibration. 
Contrary  to  the  flat  plate  case  the  capacitance  is  mainly 
concentrated  on  the  stem,  not  on  the  drift-tube  region. 
Figure  1  shows  the  result  of  the  frequency  and  Q  value 
variation  as  a  function  of  the  distance  from  the  stem. 


Frequency  shift  as  function  of  the  distance  of 


Fig.  1  :  The  frequency  shift  as  a  function  of  the  tuner 
position  from  the  stems. 

Three  NC  machined  models  of  a  stem  and  drift-tube 
shown  in  fig.  2  were  made  to  evaluate  the  fabrication  cost. 
The  first  one  was  made  from  steel.  The  inner  part  was 
machined  such  that  we  obtain  a  cavity.  The  water  comes 
in  through  a  stainless  steel  pipe.  The  second  one  is  made 
from  a  copper  block.  In  that  case  the  stem  cooling  is  done 
only  by  heat  conduction  between  the  stem  and  the  ridge. 
In  the  third  case,  two  cooling  channels  were  drilled  at  an 
angle  such  that  they  converge  close  to  the  drift-tube. 

We  used  them  also  to  measure  the  temperature  of  the 
stem  under  various  heat  and  water  loads.  MAFIA 
simulations  tell  us  that  the  maximum  power  loss  on  the 
stem  is  200  Watts.  Assuming  only  75%  of  the  calculated 
Q  value  input  power  of  265  Watts  was  used  for 
temperature  measurements. 

Four  thermocouples  were  used  to  measure  the 
temperature  on  the  tip  of  the  drift-tube,  at  the  base  of  the 
stem,  into  the  input  and  output  water  channels.  Figure  2 
shows  the  thermocouples  location  used  to  measure  the 
temperature.  Table  3  shows  the  results  of  the  cooling  test 
on  the  stem  models. 

The  tests  show  that  a  water  flow  of  3  1/min.  is  sufficient 
to  cool  the  drift  tube  to  a  temperature  below  50  °C.  The 


water  flow  does  not  produce  any  measurable  mechanical 
vibrations.  From  these  models  we  found  that  the  lowest 
cost  stem  is  the  one  machined  from  a  copper  block. 

Stem  models  for  DTL's  tank  1 


a)  b)  c) 

Fig.  2  :  Schematic  drawing  of  the  three  stem  models  used 
for  the  test. 


Table  3  :  Temperature  distribution  on  the  stems.  Q  =  3 
1/min  and  W  =  265  Watts. 


Stem  model 

Temperature  in  °C 

a) 

b) 

c) 

T 

10 

9.5 

9.5 

Tout 

12 

11.5 

11.5 

Tsase 

21 

75 

14 

Trim 

14 

108 

23 

-Iain* _ 

47 

119 

47 

4  DTL  FABRICATION 

The  first  DTL-IH  tank  was  built  from  mild  steel  plate 
2.54  cm  thick.  It  is  91.92  cm  in  diameter  by  27.67  cm 
long.  The  two  lids  are  25  mm  thick  and  the  maximum 
deflection  is  estimated  to  be  less  than  0.3  mm.  The  IH 
cavity  is  made  in  four  main  components,  the  cylinder,  the 
ridges,  the  lids  and  the  stems.  The  eight  drift-tubes  and 
the  two  ridges  are  machined  from  bulk  copper  blocks.  The 
tank  and  the  two  lids  are  made  from  mild  steel.  The 
interior  faces  are  machined  to  a  surface  finish  of  16  pinch 
and  then  copper  plated.  The  copper  plating  thickness  is 
larger  than  the  necessary  RF  required  penetration  depth  to 
assure  a  very  nice  finish. 

Several  options  were  investigated  for  the  mounting  of 
the  ridges  to  the  tank-  wall.  Ridge  made  from  mild  steel 
welded  onto  the  tank  was  discarded  because  of  the 
difficulty  of  maintaining  the  proper  alignment  between 
the  two  ridge  faces.  We  finally  decided  to  bolt  the  ridges 
onto  a  flat  surface  machined  on  the  inner  tank  wall.  Four 
bolts  clamp  the  ridges  in  place  and  the  vacuum  seal  is 
done  using  an  o-ring.  The  faces  of  the  ridges  and  bases 
are  machined  and  polished  to  a  finish  less  than  5  pinches 
to  assure  a  very  good  rf  contact  as  demonstrated  on  a  test 
cavity.  Provision  for  alignment  was  made  by  allowing  an 
extra  1 .5  mm  at  the  base  of  each  stem.  At  first  each  stem 
was  installed  in  the  tank  and  the  center  of  each  drift-tube 
measure  with  precision.  Then  the  base  of  each  stem  was 
machined  to  the  right  height  as  well  as  an  o-ring  groove  to 
seal  the  vacuum  from  the  cooling  line.  The  stems  are 
bolted  down  on  the  ridges  at  their  final  location  and  the 
alignment  was  checked  to  be  better  than  ±  50  pm. 

For  the  first  IH  tank  we  made  provision  for  several 
ports.  We  have  two  ports  on  each  lid,  one  for  a  turbo 
pump  and  the  other  three  for  windows  if  we  need  to 
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investigate  the  inner  parts  of  the  cavity.  On  the’  side  we 
have  four  small  ports  for  vacuum  gages,  two  probes  and 
coupling  loop.  Two  larger  ports  in  the  median  plane  will 
be  used  for  frequency  tuners  ,  one  fixed  and  one  movable. 
Figure  3  shows  a  photograph  of  the  first  IH  tank.  We  can 
see  the  stems  installed  on  each  ridge  after  proper 
alignment  and  the  location  of  the  ports. 

4.1  Cooling 

The  ridges  are  cooled  by  two  channels  drilled  from  the 
base  and  two  manifolds  running  inside  each  ridge 
delivering  cooling  water  to  the  stems.  The  drift  tubes  are 
cooled  by  a  water  circuit  coming  up  through  the  ridge  and 
into  a  drilled  out  portion  of  the  stem,  see  fig.  2c.  Two 
channels,  9.5  mm  in  diameter  in  each  lid  provide 
sufficient  cooling.  Operation  of  the  LINAC  at  constant 
temperature  may  be  required.  This  will  be  done  by  using 
four  6  mm  cooling  lines  attached  on  the  exterior  of  the 
tank. 


Fig.  3  :  Photograph  of  the  DTL  tank  1  with  the  front  lid 
open. 

4.2  RF  Measurements 

The  measured  frequency  of  the  cavity  is  109.7  MHz  and 
the  Q  value  is  9700.  The  frequency  is  2%  higher  and  the 
Q  is  about  85  %  of  the  predicted  values  from  MAFIA. 
The  electric  field  distribution  on  axis  has  been  measured 
along  the  DTL  axis.  Figure  shows  a  comparison  between 
the  measurement  and  the  MAFIA  prediction.  We  obtain  a 
very  good  agreement  between  the  predicted  and  the 
measured  field  distribution,  causing  insignificant  beam 
phase  error.  Figure  4  shows  the  comparison  between  the 
electric  field  distribution  predicted  by  MAFIA  and  the 
measured  filed  distribution  along  the  tank  axis. 


4.3  Power  test 

Full  power  tests  are  under  way.  The  RF  amplifier  was 
operated  in  self  excited  mode  delivering  3.6  kW  and  87.5 
kVolts  to  the  drift  tube  gap.  Stable  operation  for  more 
than  100  hours  was  achieved. 


MAFIA  simulation  of  tank  1 
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a)  b) 

Fig.  4  :  Electric  field  distribution  along  the  DTL  IH  tank. 
MAFIA  field  distribution  a),  measurement  using 
perturbation  technique  b). 
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THE  7-GAP-RESONATOR-ACCELERATOR  FOR  THE 
REX-ISOLDE-LINAC* 


H.  Podlech* .  M.  Grieser,  R.  von  Hahn,  R.  Repnow,  D.  Schwalm 
Max-Planck-Institut  fur  Kemphysik,  Heidelberg,  Germany 


Abstract 

The  REX-ISOLDE-Experiment  which  is  presently  being 
under  construction  at  CERN  is  intended  to  investigate  ex¬ 
otic,  very  neutron  rich,  radioactive  nuclei.  A  linear  accel¬ 
erator  will  deliver  radioactive  beams  which  are  produced 
by  the  isotope  separator  ISOLDE,  with  energies  between 
0.85  and  2.2  MeV/u.  The  Linac  will  consist  of  a  RFQ- 
accelerator,  an  interdigital  H-Structure  (IH)  and  three  7- 
gap-resonators  for  variable  final  energy  [1]. 

Assuming  an  acceleration  voltage  of  one  7-gap-resonator  to 
be  1.75  MV  at  90  kW  rf  power,  the  design  velocities  of  the 
three  resonators  were  chosen  to  be  5.4%,  6.0%  and  6.6%  of 
the  velocity  of  light.  Three  downscaled  models  (1 :2.5)  were 
built  in  order  to  optimize  the  shuntimpedance  and  the  field- 
distribution  for  the  operating  frequency  of  the  amplifiers  of 
101.28  MHz. 

The  development  of  the  resonators  was  accompanied  by 
extensive  MAFIA  calculations.  It  could  be  demonstrated 
that  spiral-resonators  like  7-gap-resonators  can  be  calcu¬ 
lated  with  MAFIA.  Important  quantities  like  frequency, 
shuntimpedance,  quality  factor  and  field  distribution  were 
compared  between  simulation  and  measurement. 

The  first  two  power  type  resonators  (5.4%  and  6.0%)  are 
finished,  frequency  tuning  and  low  power  measurements 
were  done.  The  Q- values  are  about  5560  and  5280,  respec¬ 
tively,  the  shuntimpedance  71  Mfl/m  and  68  Mfi/m,  respec¬ 
tively,  and  are  in  Very  good  agreement  with  the  model  mea¬ 
surements.  After  preparation  for  high  power  tests  a  beam 
test  for  the  voltage  calibration  is  planned.  In  this  paper  the 
status  of  the  production  of  the  7-gap-resonators  is  reported. 

1  INTRODUCTION 

The  high  energy  section  of  the  REX-ISOLDE  Linac 
(see  fig.3)  consists  of  three  7-gap  resonators  similar  to 
those  built  for  the  new  high  current  injector  at  Heidelberg 
[2].  Each  resonator  has  a  single  resonance  structure  which 
is  shown  in  fig.l.  It  consists  of  a  copper  half  shell  to  which 
three  copper  arms  are  attached  on  each  side.  Each  arm 
consists  of  two  hollow  profiles,  surrounding  the  drift  tubes 
and  carrying  the  cooling  water.  Copper  segments  on  both 
sides  of  the  half  shell  allow  to  tune  the  resonator  to  the 
rf  frequency  of  101.28  MHz.  A  tuning  plate  corrects  the 
detuning  effects  due  to  the  temperature  changes  of  the  tank 
or  half  shell  during  operation.  The  rf  power  will  coupled 
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Figure  1:  Resonance  structure  of  the  6.0%  model  (2.5:1) 


into  the  resonator  near  one  of  the  three  legs,  where  the 
magnetic  flux  is  maximum.  Assuming  a  realistic  resonator 
voltage  for  each  resonator  of  approximately  1.75  MV  for 
90  kW  rf-power  (duty  cycle  1:10),  the  design  velocities 
were  chosen  to  5.4%,  6.0%  and  6.6%  of  the  velocity  of 
light  [3], 

2  OPTIMIZATION  AND  TUNING 


Figure  2:  Phase  shift  distribution  (square  of  the  E-field) 
of  the  detuned  (left)  and  optimized  (right)  6.0%  resonator 
model  (push  pull  mode). 

Three  down  scaled  models  were  built  in  order  to  optimize 
the  field  distribution  of  the  push  pull  mode  used  for  accel¬ 
eration  and  to  tune  the  eigenfrequency.  Therefore  the  drift 
tubes  and  the  arms  of  the  models  are  movable  in  the  half 
shell.  The  capacity  between  the  arms  is  changed  by  rotation 
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Figure  3:  Lay-out  of  the  7-gap-resonator-accelerator  forming  the  high  energy  part  of  the  REX-ISOLDE-Linac 


of  the  arms  against  each  other.  Fig.2  shows  the  phase  shift 
distribution  along  the  beam  axis  before  and  after  optimiza¬ 
tion.  The  result  of  the  optimization  is  a  flat  field  distribution 
between  the  inner  drift  tubes.  All  field  measurements  were 
made  with  the  bead  perturbation  measurement  method.  A 
small  perturbation  bead  influences  the  electric  field  of  the 
resonator.  This  causes  a  phase  shift  A$  between  the  signals 
of  the  signal  generator  and  the  resonator.  This  phaseshift  is 
proportional  to  the  square  of  the  unperturbed  electric  field. 
Fig.  4  (left)  shows  the  frequency  of  the  three  models  as 
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Figure  4:  Frequency  of  the  models  (2.5:1)  as  function  of  the 
position  of  the  tuning  plate  (left)  and  thickness  of  the  seg¬ 
ments  (right). 

function  of  the  position  of  the  tuning  plate.  Driving  the  tun¬ 
ing  plate  results  in  a  variation  of  the  capacity  between  the 
resonance  structure  and  the  plate  and  therefore  a  frequency 
shift.  The  copper  segments  are  used  to  tune  the  resonators 
to  the  frequency  of  the  amplifiers  by  changing  the  induc¬ 
tance  of  the  resonance  structure.  Fig.  4  (right)  shows  the 
linear  behavior  of  the  frequency  as  function  of  the  thick¬ 
ness  of  the  segments  attached  to  the  ends  of  the  half  shell. 
Table  1  summarizes  the  measured  main  parameters  of  the 
three  model  resonators  [4], 

3  POWER  TYPE  RESONATORS 

Two  of  the  three  power  type  resonators  are  already  fin¬ 
ished.  Fig.  5  shows  the  5.4%  power  type  resonator  with 
resonance  structure  and  plunger  prepared  for  lew  level 
rf  measuerements.  After  tuning  the  eigenfrequency  of 
the  push-pull-mode  to  the  operation  frequency  of  the 
amplifiers  (101.28  MHz)  the  Q- values  were  determined 
to  5560  (5.4%)  and  5280  (6.0%)  respectively.  The 


Parameter 

model  resonators 

5.4% 

6.0% 

6.6% 

f  (MHz) 
Q-value 

Z  (Mfi/m) 

253.2 
3315  ±  30 
113  ±7 

253.2 
3340  ±  30 
105  ±6 

253.2 
3180  ±  30 
106  ±8 

Table  1:  Measured  parameters  for  the  (2.5:1)  model  res¬ 
onators,  f  -frequency,  Z =shuntimpedance 


Figure  5:  The  5.4%  power  type  resonator  prepared  for  low 
power  rf  measurements 


shuntimpedances  are  71  Mfi/m  and  68  Mfi/m.  With  an 
rf  power  of  90  kW  we  can  expect  a  resonator  voltage 
of  1.9  MV  for  both  resonators.  The  resonators  are  now 
ready  for  high  power  and  beam  tests.  Fig.  6  shows  the 
first  delivered  rf-amplifier  which  provides  an  rf  power  of 
100  kW  with  a  duty  cycle  of  10%.  Table  2  summarizes  the 
results  of  the  low  level  rf  measurements  of  the  power  type 
resonators. 


4  MAFIA  SIMULATIONS 

The  development  of  the  resonators  was  accompanied  by  ex¬ 
tensive  MAFIA  calculations  [5],  To  investigate  the  eigen¬ 
frequency  and  voltage  distribution  in  the  gaps  MAFIA  is  a 
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Parameter 

power  type  resonators 

5.4% 

6.0% 

f  [MHz] 

101.28 

101.28 

Q-value 

5560  ±  110 

5280  ±  105 

Z  [Mfi/m] 

71  ±7 

66  ±6 

N  [kW] 

90 

90 

U0  [MV] 

1.90  ±0.1 

1.90  ±0.1 

Table  2:  Measuered  parameters  for  the  power  type  res¬ 
onators,  f=frequency,  Z=shuntimpedance,  N=power  con¬ 
sumption,  Uo— resonator  voltage  (extrapolated) 


Figure  6:  The  first  of  three  100  kW  amplifier  delivered  in 
December  1998.  Left  RF  part,  middle  HV  rack,  right  con¬ 
trol  rack 


very  powerful  calculation  code.  It  could  be  demonstrated 
that  the  frequency  of  the  7-gap-resonators  can  be  calcu¬ 
lated  with  an  accuracy  of  better  than  1%  for  the  push  pull 
mode.  The  calculated  quality  factor  Q  and  shuntimpedance 
Z  are  always  a  factor  of  about  two  too  high  [3].  The  power 
losses  inside  a  7-gap-resonator  are  also  calculated  in  order 
to  check  the  cooling  water  requirements.  These  investiga¬ 
tions  have  shown  that  about  75%  of  the  rf  power  is  dissi¬ 
pated  at  the  resonance  structure  half  of  which  is  lost  at  the 
arms,  which  therefore  have  to  be  cooled  very  effectively. 


tween  0.85  and  2.2  MeV/u  with  nearly  100%  transmission 
can  be  realized.  The  acceptance  of  the  three  resonators  in 
the  x-plane  is  1.2  7 r  mm  mrad  (norm.)  and  in  the  y-plane 
3.0  7r  mm  mrad  (norm.).  The  bunchlength  of  the  fully  ac¬ 
celerated  beam  (2.2  MeV/u)  is  2.4  ns  at  the  target,  which 
can  be  further  improved  -  if  necessary  -  by  a  rebuncher  be¬ 
fore  the  target.  Fig.  7  shows  the  calculated  envelope  of  both 
transverse  directions  between  the  last  resonator  and  the  tar¬ 
get.  Because  of  the  relatively  wide  transit  time  factor  of  the 
7-gap-resonators  they  can  be  used  to  vary  the  output  energy 
of  the  linac.  Even  a  deceleration  of  the  beam  from  the  IH- 
structure  from  1.1  MeV/u  down  to  0.85  MeV  is  feasible. 


Figure  7:  Calculated  envelope  in  x  and  y  direction  between 
the  last  resonator  and  the  target. 
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5  BEAM  DYNAMICS 

Beam  dynamic  calculations  were  made  to  optimize  the 
transmission  of  the  beam  to  the  target  [3].  Final  energies  be- 
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Abstract 

The  Japan  Atomic  Energy  Research  Institute  has  been 
proposing  the  Neutron  Science  Project  (NSP).  The  joint 
project  of  the  NSP  and  the  JHF  of  KEK  is  under 
discussion.  The  new  project  makes  use  of  the  R&D 
results  of  the  NSP  and  the  JHF.  The  R&D  activities  of 
the  proton  accelerator  at  JAERI  will  be  presented  in  this 
paper.  The  development  work  and  characteristics 
measurements  have  been  made  for  the  low  energy 
components  of  the  linac;  performance  tests  of  a  negative 
hydrogen  ion  source,  development  of  an  integrated  type 
RFQ  and  high  duty  factor  power  tests  of  a  DTL  model 
tank.  A  superconducting  linac  is  a  main  option  for  the 
high  energy  part  of  the  linac.  Vertical  tests  of  a  single  cell 
superconducting  cavity  have  been  made.  The  maximum 
peak  surface  fields  of  44  MV/m  and  47  MV/m  have  been 
achieved  for  (3=0.5  and  0.89  cavities,  respectively.  A  600 
MHz  IOT  RF  source  has  been  manufactured  and  dummy 
load  tests  at  35  kW  CW  have  been  successfully  conducted. 

1  INTRODUCTION 

A  high  intensity  proton  linear  accelerator  with  an  energy 
of  1.5  GeV  has  been  proposed  for  the  Neutron  Science 
Project  (NSP)  at  JAERI[1],  The  aims  of  the  NSP  are  to 
explore  basic  neutron  science  and  nuclear  energy  related 
technologies.  We  have  three  stages  to  upgrade  the  beam 
power  and  duty  factor.  The  operation  mode  in  the  first 
stage  is  a  pulse  for  the  neutron  scattering  experiments 
with  beam  power  of  1.5  MW.  By  increasing  a  duty  factor 
and  peak  beam  current  up  to  20  %  and  30  mA, 
respectively,  beam  power  will  be  upgraded  to  5  MW  in 
the  second  pulse  stage.  The  8  MW  CW  beams  will  be 
provided  for  the  nuclear  waste  transmutation  experiments 
in  the  CW  stage. 

The  joint  project  of  the  NSP  and  the  Japan  Hadron 
Facility  (JHF)  Project  of  KEK  is  under  discussion  to  take 
more  effective  promotion  of  the  scientific  and  engineering 
fields[2].  The  new  project  makes  use  of  the  R&D  results 
accomplished  for  the  NSP.  Several  R&D  items  have  been 
studied  for  high  intensity  accelerator  development;  1) 
beam  dynamics  design  and  calculation,  2)  a  negative 
hydrogen  ion  source  and  fabrication  of  high  power  test 
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models  of  RFQ  and  DTL,  3)  superconducting  cavities  and 
4)  high  power  RF  sources. 

2  LINAC  SYSTEM 

A  schematic  drawing  of  the  linac  system  is  shown  in 
Figure  1 .  The  front-end  part  of  the  linac,  which  consists 
of  RFQ,  DTL  and  separated-type  DTL  (SDTL),  uses 
normal  conducting  structures  and  the  higher  energy  part 
uses  superconducting  linac  (SCL).  Basic  parameters  of 
the  linac  components  are  summarized  in  Table  1.  The 
linac  system  design  is  described  in  detail  in  reference  3. 

For  the  pulse  mode  operation,  the  intermediate  pulsing 
choppers  for  the  storage  ring  injection  and  extraction  have 
to  be  installed,  whereas  no  choppers  are  required  for  the 
CW  operation.  To  obtain  better  beam  quality  by  using 
optimized  beam  transport  systems,  injector  lines  for  the 
pulse  and  for  the  CW  operations  are  used.  The  two  lines 
merge  in  the  DTL  section  at  7  MeV,  where  the  neutron 
generation  due  to  the  beam  loss  risks  can  be  avoided. 

The  SDTL  structure^]  is  adopted  for  the  higher  energy 
DTL  region  because  of  some  advantages  such  as  the 
simpler  structures  and  the  smoother  matching  properties 
to  the  following  section. 

The  superconducting  linac  (SCL)  is  a  main  option 
between  100  and  1500  MeV,  because  characteristics  of 
the  cavities  are  suitable  for  the  high  duty  factor  operation 
and  less  beam  loss  is  expected  due  to  the  large  bore  size. 


Chopper  15m  65m  130m  900m 

jRF Q  I—  rfiTLMPTLHSDTL  H  SCL  |— » 


7MeV  51MeV  lOOMeV  1500MeV 


Pulse  and  CW 


Figure  1 .  A  schematic  drawing  of  the  linac  system 


3  DEVELOPMENT  OF  ACCELERATOR 
COMPONENTS 

3.1  Negative  Hydrogen  Ion  Source 

Negative  hydrogen  beams  are  required  to  inject  the  beam 
into  a  storage  ring.  The  beam  extractor  of  the  existing 
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positive  ion  source  has  been  modified  to  produce  negative 
ion  beams.  The  characteristics  with  cesium  introduction 
of  the  negative  ion  beam  have  been  examined  at  the  duty 
factor  of  5  %[5].  In  the  pure  volume  operation,  the  ion 
current  has  been  limited  to  be  8  mA.  In  the  cesium- 
seeded  operation,  the  beam  current  has  been  enhanced 
and  negative  ion  current  and  density  of  21  mA  and  33 
mA/cm2  have  been  obtained.  An  electron  to  negative  ion 
current  ratio  is  4  in  the  cesium  seeded,  while  34  in  the 
pure  volume. 

A  new  negative  ion  source  has  been  fabricated  to 
accumulate  experimental  data  to  fulfil  the  requirement  of 
the  NSP  linac.  A  plasma  chamber  is  installed  outside  of 
an  insulator  to  change  the  configuration  of  the  cusp 
magnet  fields  easily.  Two  differential  pumping  ports  are 
equipped  with  the  ion  source.  When  the  differential 
pumping  system  is  on,  the  vacuum  pressure  in  the  Low 
Energy  Beam  Transport  Line  is  improved  from  7.5x1  O'5 
to  l.OxlO'5  Torr  and  the  negative  ion  beam  current  is 
enhanced  by  1.7  times.  The  experimental  data  have  been 
obtained  to  be  1 1  mA  without  cesium.  The  beam  test  will 
be  continued. 


Table  1.  Basic  parameters  of  the  linac  components 


Negative  Hydrogen  Ion  Source 

Energy 

70keV 

Current 

50  mA 

CW-RFQ 

Energy 

2  MeV 

Frequency 

200  MHz 

Peak  field 

1.5  Kilpatrick  limit 

Length 

3.57  m 

Duty 

30  %  (Pulse) ,  100  %  (CW) 

CW-DTL/SDTL 

DTL 

SDTL 

Energy 

51  MeV 

100  MeV 

Frequency 

200  MHz 

200  MHz 

En 

1.5  MV/m 

1.5  MV/m 

Length 

58  m 

64  m 

Superconducting  Linac 

Energy 

1.5  GeV 

Frequency 

600  MHz 

Maximum  Epeak 

16  MV/m 

No.  of  Cavities/  Modules 

284/142 

Length 

690  m 

Number  of  Cavity  Group 

8 

Focusing  Lattice 

Doublet  between  modules 

3.2  CW-RFQ 

We  have  developed  a  four-vane  type  2  MeV  RFQ[6] 
based  on  the  R&D  of  the  OMEGA  program.  This  RFQ 
has  accelerated  proton  beams  at  a  current  of  70  mA  with  a 
duty  factor  of  10  %  (a  beam  pulse  length  of  1  ms  and  a 
repetition  of  100  Hz).  At  a  duty  factor  of  1  %  (a  beam 
pulse  length  of  1  ms  and  a  repetition  of  10  Hz),  a  peak 
current  of  100  mA  has  been  achieved. 

A  new  RFQ  for  the  NSP  is  designed  to  operate  at  much 
higher  duty  factor  (up  to  30  %)  pulse  and  CW  modes. 
The  RFQ  is  designed  with  lower  electric  field  of  1.5 
Kilpatrick  limit  to  keep  reliable  operations  and  to  reduce 
an  RF  wall  loss  power.  The  beam  simulation  results  show 
that  more  than  95  %  beam  transmission  is  expected  at  the 
beam  current  up  to  80  mA. 

The  R&D  RFQ  has  spiral  type  RF  contacts  between  a 
tank  and  vanes.  The  burnout  problem  at  the  contact  was 
one  of  the  most  important  issues  to  achieve  high  duty 
factor  operations.  To  eliminate  this  problem,  we  have 
been  developing  an  integrated  type  RFQ  without  RF 
contacts.  A  high  power  model  with  50  cm  long  has  been 
fabricated  by  brazing  process.  The  20  %  duty  factor 
operation  has  been  achieved  with  an  RF  power  of  40  kW, 
which  is  approximately  30  %  beyond  the  normal 
operation  power  level.  The  duty  factor  has  been  limited 
by  the  RF  source.  An  R&D  of  some  metal  joint  processes 
such  as  electron  beam  welding  (EBW)  and  laser  beam 
welding  as  well  as  brazing  is  now  underway. 

3.3  CW-DTL  and  SDTL 

The  parameters  for  the  CW-DTL  are  evaluated.  Up  to  7 
MeV,  two  DTLs  are  prepared  for  the  pulse  and  the  CW 
lines.  The  lower  E0  of  1.5  MV/m  is  taken  to  reduce  the 
heat  dissipation  of  the  structures  and  the  RF  power 
consumption.  An  equipartitioned  design  approach  is 
taken  to  suppress  the  emittance  growth [3,7].  The  rms  and 
the  90  %  emittance  growth  rates  are  about  7  %  and  10  % 
at  the  highest,  respectively. 

An  R&D-DTL  high  power  model  with  9  cells  for  mock- 
up  of  the  first  part  of  the  DTL  was  fabricated  to  study  the 
RF  characteristics  and  the  cooling  capabilities  [8].  In 
1995,  the  20  %  duty  factor  operation  was  achieved  with 
an  RF  power  of  128  kW,  which  corresponds  to 
Eo=2MV/m.  The  high  power  model  has  been  reinstalled 
and  the  50  %  duty  factor  operation  with  an  RF  power  of 
75  kW  (Eo=1.5MV/m)  has  been  achieved.  The  duty 
factor  has  been  limited  by  a  power  supply  of  the  RF 
source. 

3.4  Superconducting  linac 

In  the  SC  linac  part,  the  proton  velocities  gradually 
change  from  0.43  to  0.92  corresponding  to  the  energies 
for  100  MeV  and  1.5  GeV.  Accordingly,  the  length  of  the 
cavity  is  also  changed.  Based  on  an  optimization  study, 
an  SC  linac  with  8  groups  has  been  designed[9].  The 
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cavities  in  each  group  are  made  with  identical  5  cells  and 
two  cavities  are  laid  in  one  doublet  focusing  period.  Q- 
magnet  field  gradient  is  determined  by  using  the 
equipartitioning  scheme.  The  transverse  and  the 
longitudinal  rms  emittances  are  nearly  constant  or  only 
1  %  increase. 

For  the  pulse  beam  operation,  the  mechanical  resonant 
frequencies  should  be  higher  than  the  maximum  repetition 
rate  of  50  Hz.  Analysis  for  the  mechanical  resonance  has 
been  carried  out  to  evaluate  the  microphonic  vibration[10]. 
An  axial  mode  of  80  Hz  for  the  P=0.499  cavity  with  3  mm 
thick  wall  with  stiffner  is  the  lowest  frequency  mode.  We 
have  found  that  the  stiffner  is  effective  to  increase  the 
structural  resonant  frequency;  in  the  case  without  stiffner, 
the  lowest  mode  is  transverse  and  the  frequency  is  38  Hz. 
We  are  studying  better  cavity  from  a  practical  point  of 
view;  stiffner  type  or  thicker  wall  type. 

Two  sets  of  single  SC  test  cavities  have  been  fabricated 
for  (J=0.5,  which  corresponds  to  the  proton  energy  of  145 
MeV.  Vertical  tests  have  been  conducted  to  examine  the 
RF  and  mechanical  properties.  The  maximum  surface 
peak  field  strengths  (Epeak)  of  32  MV/m  at  4.2  K  and  44 
MV/m  at  2.1  K  have  been  successfully  obtained!  11].  A 
single-cell  cavity  of  |J=0.886  has  been  also  fabricated  and 
tested.  The  peak  fields  have  been  47  and  36  MV/m  at  2  K 
and  4.2  K,  respectively.  These  test  results  have  satisfied 
the  specification  for  the  conceptual  layout  of  the 
superconducting  linac. 

Two  5-cell  cavities  have  been  fabricated:  one  is  made 
of  copper  and  one  is  niobium.  The  copper  model  cavity  is 
used  to  test  a  pre-tuning.  Maximum  deviation  of  the  peak 
fields  on  axis  at  each  cell  center  position  is  37.5  %  before 
the  pre-tuning.  After  the  pre-tuning,  the  deviation  has 
improved  to  be  0.7  %.  The  pre-tuning,  surface  treatment 
and  vertical  test  will  be  performed  for  the  niobium  cavity. 

3.5  RF  Sources 

The  RF  sources  are  main  components  to  determine  the 
availability  and  reliability.  They  are  most  costly  parts  in 
the  accelerator  system.  Two  frequencies,  200  MHz  and 
600  MHz,  have  been  selected  in  the  low  energy  and  the 
SC  linac  part,  respectively.  Required  RF  powers  are  300 
kW  for  RFQ,  9  MW  for  DTL/SDTL  and  25  (pulse  mode) 
or  7.5  MW  (CW  mode)  for  the  SC  linac,  respectively.  An 
RF  system  design  by  using  a  grid  tube  (tetrode),  a 
Klystron  and  an  IOT  (Inductive  Output  Tube)  has  been 
carried  out. 

In  the  SC  linac  RF  system,  the  RF  source  has  to  be 
operated  in  the  high  power  pulse  mode  and  low  power 
CW  mode.  Klystrons  are  to  take  their  maximum 
efficiency  at  the  full  saturation  power.  To  keep  higher 
efficiency  in  the  low  power  range,  the  beam  voltage 
reduction  is  effective!  12], 

The  IOT  is  one  of  the  favorable  RF  sources  to  cover  the 
wide  power  range  without  significant  degradation  of  the 
efficiency.  A  600  MHz  IOT  system  (TH760,  Thomson) 


has  been  manufactured  and  dummy  load  tests  have  been 
conducted.  The  gain  and  the  efficiency  at  35  kW  were  22 
dB  and  61  %,  respectively.  The  phase  and  amplitude 
have  kept  within  +-0.5%  and  +-  0.5  degree  in  270  minutes 
duration  at  35  kW  CW. 

4  SUMMARY 

The  linac  design  and  development  work  has  been  made 
for  the  NSP.  The  good  performances  of  the  components 
such  as  an  ion  source,  RFQ,  DTL  and  RF  source  have 
been  achieved.  The  vertical  SC  cavity  test  has  been 
successfully  conducted  resulting  in  the  satisfactory 
maximum  surface  electric  field  strength. 

The  R&D’s  of  the  accelerator  components  will  be 
continued  based  on  the  new  Joint  Project  parameters. 
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DESIGN  CONSIDERATIONS  FOR  A  SUPERCONDUCTING  LINAC  AS  AN 

OPTION  FOR  THE  ESS 
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Abstract 

An  approach  for  a  superconducting  high-current  proton 
linac  for  the  ESS  has  been  discussed  as  an  option  in  the 
"Proposal  for  a  Next  Generation  Neutron  Source  for 
Europe-  the  European  Spallation  Source  (ESS)"[1,2], 
The  following  work  studies  the  technical  and  economic 
conditions  for  a  superconducting  linac  at  the  high-energy 
end  of  the  proposed  accelerator  system.  The  use  of 
superconducting  elliptical  cavities  for  the  acceleration  of 
high-energetic  particles  P  —  vl c  ~  lis  certainly  state 
of  the  art.  This  is  documented  by  many  activities 
(TJNAF,  TESLA,  LEP,  LHC,  and  KEK).  A  design 
study  for  the  cavities  is  described  in  another  paper  on 
this  conference[5].  For  low  energy  particles  (P«l) 
quarter  wave  type  cavities  and  spoke-type  cavities  have 
been  discussed.  The  main  motivation  for  this  study  is  the 
expectation  of  significant  cost  reduction  in  terms  of 
operational  and  possibly  investment  cost. 

1  BASIC  PARAMETERS 

The  basic  parameters  of  the  system  are  given  in 
tables  1,2,3. 

Table  1 :  Basic  data  Of  the  superconducting  ESS  linac 


Maximum  energy 

1334 

MeV 

maximum  p=v/c 

0.91 

injection  energy 

70 

MeV 

injection  3 

0.4 

average  current 

3.75 

mA 

peak  current  pulse  average 

63 

mA 

repetition  rate 

50 

Hz 

pulse  length 

1.2 

ms 

duty  factor 

6 

% 

The  high  energy  linac  will  transport  the  beam  from 
70  MeV  up  to  1334  MeV.  A  current  of  3.75  mA  is 
necessary  for  the  5  MW  beam  power.  The  pulse  length 
of  1.2  ms  is  required  by  the  filling  mechanism  for  the  2 
accumulator  rings.  The  macro  time  structure  of  the  beam 
is  1.2  ms  out  of  20  ms,  result  in  a  duty  factor  of  6  %. 

The  micro  time  structure  inside  the  pulse  is  360  ns 
beam-on  and  240  ns  beam-off.  The  accumulator  uses  the 
beam-off-time  for  maintaining  a  beam  free  section  in  the 


circulating  beam.  The  2*109  particles  per  bunch  are  not 
too  critical  for  the  high  energy  linac.  The  total  number 
of  particles  per  pulse  is  4.7*1014. 

Table  2:  Pulse  micro  structure 


revolution  frequency  accumulator 

1.67 

MHz 

revolution  time  accumulator 

0.6 

ps 

chopping  beam-on  time 

360 

ns 

chopping  beam-off  time 

240 

ns 

intensity 

particles  per  pulse 

4.7  10'4 

particles  per  RF  bunch 

2  109 

2  ENERGY  GAIN  PER  CAVITY 

The  energy  gain  in  cavity  is  usually  given  by 
A W  =  eE0T  •  l  ■  COS(0)  .  Here,  T  is  the  transit  time- 

factor  and  1  the  length  of  the  cavity.  E0T  =  Eacc  is  the 
accelerating  field  and  </>  is  the  phase  distance  of  the 
synchronous  particle  to  the  crest  at  the  centre  of  the 
cavity.  The  matched  length  of  one  cavity  cell  is  given  by 
A  =  /?A  •  X/ 2  where  J3A  =  J3  =  v/c  the  velocity 
factor  of  the  synchronous  particle.  The  cell  transit-time 
factor  is  given  by 


Ta  = 


K 


1  + 


2A 

px 


for p  **  PA(<  3%) 


cos 


n- 


px 


^  2A  * 


1- 


These  expressions  neglect  the  changes  of  beam 
velocities  within  a  cell.  Therefore,  the  lower  formula  is 
in  accordance  with  the  theory  of  Wangler  [3]. We  have 
set  up  an  approximate  relation  in  order  to  give  the 
validity  range  of  the  phase  (j) .  The  relative  TA  error 
holds  less  than 

0.5%  (1.5%)  for  \<p\  <  76°  (85°). 
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This  relation  is  valid  up  to  the  maximally  occurring 
values  of  velocity  mismatch  (0.05)  and  the  difference  of 
the  beam  velocity  factors  within  a  cell  (0.02). 

The  energy  gain  of  an  N-cell  cavity  results  as  addition  of 
gains  of  N  single  cells.  Thereby,  particular  synchronous 
phases  of  each  cell  have  successively  been  calculated. 
This  numerical  method  makes  the  base  of  future 
longitudinal  particle  tracking  of  the  high-energy  part  of 
the  linac. 


Table  3:  Radiofrequency  system 


frequency 

700 

MHz 

RF  wave  length 

0.428 

m 

data  for  a  P=0.75  cavity: 

length  of  a  cell  A 

0.182 

m 

length  of  a  5-cell  cavity 

0.91 

m 

maximum  surface  electric  field  EFak 

25 

MV/m 

accelerating  field  Eacc 

10 

MeV/m 

transit  time  factor  per  cell  TA 

0.79 

maximum  tension  amplitude  per  cell 

2 

MV 

phase  for  acceleration  in  cell  #3 

-20 

degree 

The  P-dependence  of  the  energy  gain  of  an  N-cell 
cavity  can  be  manifested  using  Wangler’s  formalism  [3], 
Here,  the  beam  velocity  along  the  N  cells  is  set  to  be 
constant.  The  cavity  transit-time  factor  T  can  then  be 
factorised:  1  =1A  •  1  s  .Where  the  synchronism  factor 
is  given  by 


( 


%A 


N-l 

(-1)  2 


cos 


Ma. 

2/3 


N  ■  cos| 

f 

sin 


(-1): 


-+i 


2/3 
2/3 


N-odd 


N  ■  cos 


,  N  -  even 


factor.  The  number  of  cells  per  cavity  has  been  chosen 
to  be  N=5.  The  transit-time  factor  for  such  a  5-cell 
cavity  is  shown  in  the  figure  1. 

The  maximum  value  occurs  at  the  design  velocity 
factor  PD,  which  is  a  little  larger  than  the  geometric 
velocity  pA. 

3  P  -GROUPING 

The  cell  number  N=5  have  been  chosen  for  ESS 
because  of  the  smaller  influence  of  the  end  cells 
compared  to  N=4.  We  have  slightly  rearranged  the  high 
energy  linac  part  by  fixing  the  maximal  surface  electric 
field  to  25  MV/m.  The  ratio  Epeak/Eacc  has  been 
calculated  in  [4]. 


0.3  0.5  0.7  0.9 

beta 


Figure  2:  Ratio  EfaJEmi  as  it  is  calculated  by  the 
MAFIA  program. 


>  1.15 
a> 

*  1.10 
8  1.05 

8.  i.oo 

B  095 

g  0.90 

0.73 


0.75 

v/c 


0.76  0.77 


0.74 


where  P  is  the  centre  velocity  factor  being  constant  over 
N  cells  and  pA  is  the  cavity  geometric  velocity 


Figure  1:  Transit-time  factor  for  a  5-cell  cavity  vs.  the 
velocity  ratio  p/pA  including  p  change  from  cell  to  cell 


Figure  3:  Energy  gain  per  cell  PA=0.75  (crp.  480 
MeV).  The  maximum  phase  (/)  of  the  centre  cell  is  set 
to  -20°. 

The  number  of  groups  of  identical  cavities  to  be  built 
should  be  as  small  as  possible  for  an  economic 
manufacturing.  On  the  other  hand,  a  criterion  has  been 
used  to  tolerate  a  maximum  decrease  of  the  transit-time 
factor  of  5%  at  the  ends  of  the  groups  of  identical 
cavities.  Hence,  5  different  groups  of  identical  cavities 
will  be  necessary  to  accelerate  the  beam  in  the  linac 
from  70  MeV  up  to  1334  MeV.  The  geometric  velocities 
for  the  5  groups  are  pA=0.353,  0.431,  0.526,  0.641,  and 
0.782.  In  a  next  step  the  energy  gain  throughout  the 
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whole  family  has  been  optimised  by  varying  the  centre 
velocity  factor  pA.  The  result  of  this  optimisation  is 
shown  in  figure  4. 


Groups  of  cavity  famiies 


Figure  4:  The  centre  velocity  factor  (JA  and  the  P- 
range  for  the  cavities  of  the  6  families.  The  numbers  are 
given  for  the  centre  velocity  factor  pA 

We  will  create  two  additional  cavity  groups  at  the 
upper  end  because  most  of  the  energy  will  be  gained  at 
P>0.75  (480  MeV).  Figure  3  shows  as  an  example 
The  energy  gain  per  cell  for  a  group  of  identical 
cavities.  The  single-cell  tracking  method  will  be 
completed  to  include  also  power  coupler  and  transverse 
beam  dynamics  aspects. 

4  TRANSVERSE  BEAM  DYNAMICS 

For  the  arrangement  of  the  quadruples  FODO-, 
doublet-,  and  triplet-focusing  has  been  studied.  The  most 
simple  focusing  structure  the  FODO  structure.  We  group 
4  cavities  between  the  focusing  quadrupole  F  and  the 
defocusing  quadrupole  D.  The  strength  of  the 
quadruples  is  constant  all  along  the  linac  from  70  MeV 
up  to  1333  MeV.  The  relative  focusing  force  decreases 
with  the  increasing  energy.  The  P-functions  Px,  Py 
increase,  the  increasing  beam  diameter  is  compensated 
by  the  adiabatic  shrinking  of  the  beam  proportional  to 
l/(py).  P-functions  are  shown  in  figure  5  and  the  beam 
radius  is  seen  in  Fig.  6. 


Figure  5:  p-functions  Px,  py  for  the  FODO-focusing  in 
the  linac.  The  quadrupoles  are  20  cm  long  with  a 
gradient  of  1.8  T/m  at  a  bore  radius  of  5  cm. 


Figure  6:  Beam  radius  for  the  FODO  structure  using 
quadrupoles  with  identical  strength. 


5  REQUIREMENTS  FOR  THE 
COUPLING  COEFFICIENTS 


The  field  flatness  in  the  cells  depends  on  P  and  the 
cell-to-cell  coupling  Kf,  it  is  given  in  the  formula. 


tinj 
o  T 


4/32 


(P+iy 


n 

Kf 

i  K 

1-cos — 

[  n\ 

•  QlEocc 

For  a  1%  field  flatness  the  K(  is  shown  in  figure  7 


Figure  7:  Cell-to-cell  coupling  factor  vs.  p.  A  field 
flatness  of  AE/Eaac=l%  has  been  taken  for  the  N=5  cell 
cavity. 
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Abstract 

The  new  1.4  MeV/u  prestripper  linac  at  GSI  will  provide 
intense  ion  beams  to  fill  the  synchrotron  SIS  to  the  space 
charge  limit  for  all  elements  up  to  uranium.  The  design 
mass  to  charge  ratio  A/q  is  65,  the  effective  acceleration 
voltage  of  the  30  m  long  LINAC  is  up  to  91  MV.  The 
design  beam  current  in  emA  is  0.25-A/q,  i.e.  15  mA  of 
U* 

This  linac  will  replace  the  27  MHz  Unilac  Wideroe 
section  which  was  designed  for  A/q-values  below  24.  All 
cavities  of  the  new  linac  are  operated  in  the  H110-mode. 
The  9.2  m  long  IH-RFQ  with  an  energy  profile  from 
2.2  keV/u  to  120  keV/u  has  been  completed  and  rf  tuned. 
RF  power  tests  were  performed  successfully  on  2  out  of 
10  tank  modules.  The  drift  tube  linac  consists  of  two  42 
MV  IH  cavities.  The  ‘Combined  Zero  Degree  Structure1 
KONUS  allows  to  accelerate  the  beam  by  a  total  number 
of  99  gaps  with  only  5  quadrupole  triplet  lenses  for  trans¬ 
verse  focusing. 

The  experience  from  the  construction  and  from  the  rf 
tuning  of  all  cavities  is  reported  as  well  as  the  measured 
quality  and  shunt  impedance  values.  The  running  in  of  the 
new  prestripper  linac  is  scheduled  from  April  to  Septem¬ 
ber  1999. 

1  INTRODUCTION 

The  High  Current  Linac  conceptual  design  [1]  was  guided 
by  the  aim  to  fill  the  synchrotron  SIS  18  up  to  the  space 
charge  limit.  Multi-turn  injection  during  100  ps  has  to 
provide  4-1011  ions  for  light  ions  like  Nei&+  and  41010 
ions  for  U73+  respectively.  Taking  into  account  the  beam 
losses  of  up  to  98.5  %  caused  by  two  stripping  processes 
as  well  as  the  present  state  of  the  art  in  ion  source  deve¬ 
lopment,  the  new  36  MHz  front  end  linac  has  to  provide 
the  beam  intensities  and  an  A/q  range  as  mentioned  above. 
Besides  the  high-current  mode  (up  to  16%  Hz,  1  ms 
pulse  train)  the  new  front  end  linac  additionally  has  to 
allow  the  continuation  of  the  original  Unilac  operation 
mode  (50  Hz,  5  ms  at  A/q  <  26)  for  experiments  in  nucle¬ 
ar  physics  and  materials  research  and  with  beam  energies 
below  or  around  the  Coulomb  barrier.  The  main  RFQ 
[2,  3]  as  well  as  the  short  adapter-RFQ,  called  Superlens 
[4],  are  operated  in  the  HUo-mode.  The  DTL  consists  of 
two  tanks  in  the  Hn(0)-mode:  There  is  a  gap  voltage  de¬ 
crease  at  all  tank  end  regions  to  optimize  the  shunt  impe¬ 
dance.  Additionally,  tank  IH1  has  a  ramped  gap  voltage 
distribution  due  to  the  pronounced  energy  increase  by  a 
factor  of  6.2  along  that  structure. 


Compared  to  existing  ion  linacs  the  A/q  design  value  as 
well  as  the  beam  intensity  of  the  new  GSI-injector  are 
outstanding  and  made  a  development  of  efficient  cavities 
for  low  operating  frequencies  necessary.  The  choice  of  36 
MHz  -  one  third  of  the  succeeding  Alvarez  section  -  is  a 
compromise  which  allows  to  reach  the  following  aims: 

-  The  RFQ  current  limit  is  high  enough. 

-  The  DTL  tank  diameter  of  around  2  m  corresponds  to 
the  108  MHz  Alvarez  section  and  can  be  handled  in 
the  GSI  galvanic  copper  plating  shop  as  well  as  within 
the  Unilac  tunnel. 

-  The  frequency  can  be  kept  constant  along  the  new 
linac,  which  improves  the  beam  quality  and  beam  sta¬ 
bility  considerably  according  to  LORASR  beam  dy¬ 
namics  simulations  [1]. 

-  The  new  accelerator  is  short  enough  to  minimize  the 
costs  for  a  reconstruction  of  the  Unilac  tunnel. 

The  matching  between  RFQ  und  DTL  is  accomplished 
by  a  short  low  aperture  quadrupole  doublet  at  the  RFQ 
exit  followed  by  the  1 1  cell  Superlens.  The  latter  is  ope¬ 
rated  at  -90°  and  focuses  the  beam  in  3-dim  space  into  the 
DTL.  This  design  avoids  the  local  separation  between  the 
transverse  focusing  magnetic  lens  and  a  rebuncher. 

So  far  the  low  level  rf  measurements  and  the  tuning  of 
all  cavities  were  done  successfully.  A  power  test  with  2 
out  of  10  RFQ  sections  was  performed  to  check  the  per¬ 
formance  of  that  new  structure.  The  entire  linac  will  be 
powered  after  the  installation  in  the  Unilac  tunnel  which  is 
taking  place  at  present. 


Figure  1:  Cross  sectional  view  of  the  IH-RFQ  with  electric 
and  magnetic  field  directions  and  3D-plot  of  the  IH2- 
cavity  with  the  quadrupole  triplet  lens  in  the  second  mo¬ 
dule. 
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2  RFQ  STRUCTURE 

The  cavity  design  was  developed  at  GSI  during  ’94  and 
’95.  At  the  end  of  ’96  the  10  tank  modules  were  ready  for 
in-house  copper  plating.  A  first  assembly  of  the  whole 
RFQ  with  mini  vanes  took  place  in  July  ’97  [5].  The  reso¬ 
nant  frequency  was  about  1  %  higher  than  predicted  by 
MAFIA  calculations  [3].  Additionally,  it  was  decided  to 
use  inductive  tuning  by  cylindrical  plungers  instead  of 
capacitive  tuning  for  this  cavity.  Therefore  a  total  fre¬ 
quency  shift  of  0.5  MHz  (-1.5  %)  had  to  be  provided. 
The  IH-RFQ  contains  100  mini  vane-carrier  rings  along 
the  9.2  m  long  structure.  A  remake  of  these  rings  with 
modified  geometry  allowed  to  distribute  the  needed  ca¬ 
pacity  increase  of  3  %  along  the  whole  tank  length.  At  the 
same  time  the  junction  principle  was  changed  (Fig.  2). 

In  July  ’98  a  RFQ  power  test  was  performed:  The  first 
and  the  last  of  the  10  RFQ  modules  were  assembled  to 
form  a  short  Hno-cavity.  After  a  total  operation  time  of 
about  10  days  4  goals  were  reached  and  partly  exceeded: 

-  The  vane- vane  design  voltage  of  137  kV  was  kept 
stable  at  duty  factors  of  up  to  1  %  and  pulse  lengths  up 
to  1  ms. 

-  The  40  %  design  voltage  level  was  held  at  a  duty  fac¬ 
tor  of  30  %. 

-  The  resonant  frequency  and  Q-value  returned  to  their 
initial  values  in  all  cases  after  switching  off  the  rf  po¬ 
wer. 

-  Reliable  amplifier  operation  was  proven  and  all  con¬ 
trol  loops  were  activated  successfully. 

The  power  tests  were  also  used  to  estimate  the  tempe¬ 
rature  increase  of  the  electrode  structure  with  carrier  rings 
(Fig.  2).  These  parts  are  made  from  massive  copper  and 
are  cooled  via  heat  conduction  by  the  water  cooled  stems 
only.  As  the  temperature  difference  along  the  electrodes 
was  calculated  to  remain  below  0.4  K  [2]  it  is  assumed 
that  the  main  effect  is  caused  by  temperature  steps  across 
the  two  bolted  connections  stem/carrier  ring  and  carrier 
ring/electrode  with  AT2  »  2- AT,.  ATj  and  AT2  are  the 
differences  relatively  to  the  stem  temperature,  the  latter 
being  approximately  independent  from  the  rf  power  level 
within  the  investigated  range. 

AT2  was  derived  by  measuring  the  resonance  frequency 
shift  and  calculating  the  related  capacity  change  between 
the  electrodes  due  to  heat  expansion.  The  empirical  for¬ 
mula  from  Ref.  [6]  was  used  to  calculate  the  quadrupole 
capacity  change  caused  by  expansion  of  d  and  h  (Fig.  2). 
This  expansion  results  in  a  shortening  of  the  RFQ  para¬ 
meters  Ro,  a  and  p.  For  the  36  MHz  IH-RFQ  the  electrode 
capacity  Cq  is  108.5  pF/m  while  the  total  capacity  is 

184.5  pF/m  [7]. 

Summary  of  Results  from  the  Power  Test: 

A  rf  peak  power  level  of  20  kW  with  30  %  duty  cycle  into 
the  l&lO-module  array  causes  a  resonance  shift  of  3  kHz. 
This  corresponds  to  ACg  /  Cg  =  3.5  •  10-4. 

With  h  =  22.2  mm,  d  =  1 1  mm  and  the  relations 


Ro/p(AT)  =  Ro/p(AT  =  0)  •  (1  -  1.1  •  10-4  AT)  (1) 

a(AT)  =  a(AT  =  0)  -  (1  -  0.94  •  104  AT)  (2) 

the  temperature  difference  finally  results  to 
AT2  -  3  K. 

As  the  design  power  level  into  the  l&l 0-module  assembly 
is  only  1 1  kW  at  30  %  duty  cycle  this  result  can  be  ac¬ 
cepted.  For  AT2-values  above  10  K  the  probability  of 
transverse  electrode  misalignment  in  the  order  of  0.1  mm 
is  estimated  to  be  rather  high  already. 


Quadrupole  ,  t  50  mm 

Electrode  (Cu)  Rp_ 

AT2 


Carrier 
Ring  (Cu) 
AT, 


Figure  2:  Mini  vane  electrodes  with  carrier  ring  mounted 
on  a  stem.  The  two  bolted  junctions  will  cause  jumps  in 
the  temperature  distribution  under  operation. 

The  final  voltage  distribution  is  flat  and  constant  within 
±1  %  along  the  whole  electrode  length  of  9.2  m  and  is 
independent  of  the  plungers  position  which  have  a  tuning 
range  from  -0.2  %o  to  +1  %c  around  the  operating  fre¬ 
quency  (Fig.  3).  The  Q-value  is  13000. 


Figure  3:  Measured  vane- vane  voltage  along  the  36  MHz 
IH-RFQ.  The  fast  oscillation  is  caused  by  field  distortions 
from  the  mini  vane  carrier  rings  along  the  path  of  the 
bead.  The  small  steps  between  modules  are  due  to  small 
changes  in  the  vane-profile. 
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At  present  the  RFQ  tank  is  being  installed  in  the  Unilac 
tunnel.  Beam  tests  will  be  performed  early  in  May  ’99. 

3  IH-DTL 

The  design  of  the  83.2  MV  DTL  is  described  in  ref.  [1]. 
Each  of  the  two  IH-tanks  consists  of  4  modules  and  two 
endplates  from  black  steel.  The  delivery  to  GSI  lasted  till 
to  the  end  of  ’97.  The  in  house  copper  plating  of  these 
modules  with  an  inner  diameter  of  around  2  m  and  with 
the  two  girder  profiles  pointing  towards  the  beam  axis 
(Fig.  1)  was  not  trivial.  A  platinum  coated  titanium  grid 
was  modelled  along  the  inner  tank  surface  in  a  distance  of 
around  50  mm.  Such  an  electrode  generates  a  homogene¬ 
ous  electric  field  distribution  within  the  bath  during  the 
nickel  and  copper  plating.  Good  results  with  that  method 
were  obtained  when  plating  smaller  components  like  the 
RFQ  modules.  In  case  of  the  DTL  modules  however,  the 
organic  bath  additives  decomposed  rapidly  during  the 
copper  plating  process,  which  takes  about  5  hours  to  get  a 
100  pm  layer.  In  case  of  3  modules  a  time  consuming 
polishing  procedure  of  the  plated  surface  became 
necessary  because  of  that  unpleasant  effect.  The  DTL 
plating  ended  successfully  in  October  ’98. 

First  rf  measurements  on  IH1  were  done  in  September 
’98.  The  frequency  was  1.1  %  higher  than  expected  [8], 
Both  the  resonance  frequency  and  the  ramped  gap  voltage 
distribution  were  optimized  by  means  of  fixed  tuning 
blocks  at  foreseen  positions  (Fig.  4). 

It  is  concluded  that  the  cavity  design  concept  based  on 
MAFIA  calculations  and  on  perturbation  measurements 
on  a  1:5.88  scaled  rf  model  delivered  correct  parameters 
within  tolerances  of  around  1  %  for  the  resonant  frequen¬ 
cy  and  of  around  ±5  %  for  the  sum  of  gap  voltages  per 
drift  tube  section.  After  final  rf  tuning  the  voltage  gain  per 
section  deviates  by  less  than  ±0.5  %  now.  This  result  is 
important  to  avoid  phase  errors  of  the  bunch  after  passing 
through  each  of  the  long  cavity  internal  triplet  lenses. 
Only  one  iteration  step  of  the  voltage  distribution  during 
the  rf  model  measurements  was  done  to  get  an  acceptable 
agreement  between  the  effective  gap  voltage  distribution 
as  used  originally  in  LORASR  beam  dynamics  simulati¬ 
ons  and  of  the  according  results  from  tank  measurements 
(Fig.  4).  RF  tuning  of  the  IH2  cavity  happened  in  March 
’99.  The  Q- values  are  29000  for  IH1  and  34000  for  IH2 
and  do  fit  to  the  linac  parameter  list  contained  in  ref.  [1]. 
Vacuum  tests  on  IH1  and  IH2  were  successful  after  repai¬ 
ring  module  2  of  IH1  and  the  end  plate  at  the  low  energy 
end  of  tank  IH2. 

Quadrupole  Lenses 

The  laminated  quadrupole  cores  are  based  on  1  mm  thick 
sheets  of  Vacoflux  50  to  get  pole  tip  fields  of  up  to  1.3  T. 
The  magnet  field  levels  and  tolerances  are  according  to 
the  specifications  for  the  lenses  delivered  to  GSI  so  far. 
The  production  of  the  magnets  is  seriously  delayed  and 
not  all  technical  problems  are  solved  yet. 
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Figure  4:  Effective  gap  voltage  distribution  as  designed  by 
LORASR-simulations,  measured  deviations  of  the  tuned 
cavities  and  electric  field  distribution  along  the  beam  axis. 
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APF  OR  KONUS  DRIFT  TUBE  STRUCTURES  FOR  MEDICAL 
SYNCHROTRON  INJECTORS  -  A  COMPARISON 
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U.Ratzinger,  B.Schlitt,  GSI,  Darmstadt,  Germany 


Abstract 

Tumor  therapy  with  light  ion  beams  like  Carbon  out  of  a 
synchrotron  is  a  topical  accelerator  application.  In  all 
designs  the  layout  of  the  injector  linac  is  an  important 
factor  with  respect  to  construction  and  operation  costs  as 
well  as  to  the  operation  performance  of  such  a  medical 
facility.  Two  alternative  linac  approaches  which  keep  the 
number  of  components  and  setting  parameters  as  low  as 
possible  are  discussed.  In  both  cases  the  Interdigital  FI- 
type  drift  tube  structure  is  used  for  acceleration  of  C4+ 
ions  from  0.3  MeV/u  to  7  MeV/u.  The  "Combined  Zero 
Degree  Structure"  KONUS  is  used  in  one  design;  the 
other  approach  is  "Alternating  Phase  Focusing"  APF 
without  any  magnetic  quadrupoles  for  transverse  focusing. 
Both  designs  were  investigated  with  the  LORASR  code. 
As  the  same  linac  should  also  provide  protons  with  beam 
intensities  of  a  few  mA,  the  comparision  was  extended 
towards  the  capability  of  accelerating  intense  ion  beams. 

1  INTRODUCTION 

A  "Combined  Zero  Degree  Synchronous  Particle  Struc¬ 
ture"  KONUS  has  been  developed  for  IH  structures  in 
order  to  get  an  efficient  acceleration  with  a  minimum 
amount  of  magnetic  lenses  [1,2].  In  case  of  the  injector 
linac  [3]  investigated  at  GSI  for  a  clinical  light-ion  syn¬ 
chrotron  [4]  a  216  MHz  KONUS  structure  follows  behind 
of  a  0.3  MeV/u  RFQ.  One  IH  cavity  accelerates  the  12C4+ 
ions  from  0.3  MeV/u  to  7  MeV/u  and  contains  three  inter¬ 
nal  quadrupole  triplets.  The  cavity  has  a  length  of  about 
4  m  and  a  diameter  of  around  0.35  m.  However,  when 
such  a  "small"  linac  for  medical  applications  is  designed, 
even  a  few  magnetic  lenses  supplied  with  electric  power 
and  water  cooling  complicate  the  machine  and  contribute 
to  the  costs  considerably.  This  is  the  reason  to  search  for  a 
transverse  beam  focusing  alternative.  The  requirements  of 
beam  quality  and  intensity  are  relatively  tolerant  in  this 
application:  e„>tr  <  0.6  7t  mm  mrad,  AW/W  <  ±  0.2%. 

The  APF  idea  of  beam  focusing  by  a  periodically 
changed  synchronous  phase  is  known  and  developed  since 
the  early  50’s  by  many  authors,  the  Ref.  [5-13]  being  only 
a  small  part  of  publications.  A  general  feature  (and  disad¬ 
vantage)  of  APF  is  the  dependence  of  the  rf  focusing 
action  on  the  phase  position  of  the  particle.  As  long  as  the 
rf  field  action  is  the  only  mechanism  to  provide  transverse 
beam  stability,  the  transverse  particle  oscillations  are 
strongly  influenced  by  the  longitudinal  motion  in  contrast 


to  magnetically  focusing  structures.  This  is  the  obvious 
reason  for  transverse  emittance  growth,  especially  at  the 
low  energy  end  where  the  bunch  phase  width  is  larger. 
The  non-linear  transverse  rf  field  components  can  also 
reduce  the  APF  beam  quality  along  the  low  energy  range. 
That  is  why  the  favourable  region  for  APF  structures  is 
located  behind  of  RFQs  where  the  beam  is  already 
bunched  and  the  energy  is  high  enough. 

The  efficiency  of  APF  depends  very  much  on  the  cor¬ 
rect  configuration  of  each  focusing  section,  but  there  is  no 
theory  which  could  be  applied  to  the  optimization  of  the 
drift  tube  array  so  far.  The  stability  of  small  oscillations 
can  be  explored  with  Mathieu-Hill  equations,  but  only  for 
one  harmonic  or  for  a  step  function  approximation  of  the 
focusing  force.  On  the  contrary,  one  can  investigate  the 
large  polyharmonic  non-linear  oscillations  by  using  the 
smooth  approximation  method,  but  only  for  a  small  phase 
advance  per  focusing  period;  the  complete  coupling  of 
longitudinal  and  transverse  motion  has  not  yet  been  taken 
into  account  in  both  of  these  methods.  Hence,  in  order  to 
find  the  best  abilities  of  APF  numerical  beam  dynamics 
simulations  were  performed.  Finally,  a  78  gap  APF  struc¬ 
ture  was  designed  and  compared  to  a  58  gap  KONUS 
structure  with  identical  energy  gain  (Table  1). 

2  BEAM  DYNAMICS  SIMULATIONS 

The  same  typical  RFQ  exit  beam  parameters  at  the  oper¬ 
ating  frequency  of  216.8  MHz  have  been  assumed  for  the 
KONUS  as  well  as  for  the  APF  structure.  Also  the  typical 
rf  effective  gap  voltage  distribution  along  the  IH  cavity 
with  the  maximum  gap  voltage  of  around  0.45  MV  was 
used  in  both  cases.  At  the  RFQ  exit  beam  energy  of  300 
keV/u  the  phase  width  of  the  bunch  is  about  40  degrees. 
All  calculations  were  carried  out  by  the  LORASR  code 
[14],  starting  with  a  homogeneous  particle  distribution  in 
space  at  the  RFQ  exit.  Each  gap  transformation  is  sepa¬ 
rated  in  axial  direction  into  30  steps.  The  electric  field 
distribution  of  each  gap  is  defined  by  16  parameters.  10 
parameter  sets  for  normalized  gap  geometries  with  identi¬ 
cal  outer/inner  diameter  ratios  were  calculated  by  a  2D 
solver  for  the  electrostatic  field  distribution.  The  parame¬ 
ter  set  for  a  given  gap  geometry  is  then  derived  from  the 
normalized  gap  parameter  sets  by  interpolation. 

The  beam  matching  after  the  RFQ  is  necessary  for  APF 
and  for  KONUS.  Both  of  the  matching  sections  are  simi¬ 
lar,  consisting  of  a  two  gap  rebuncher  and  of  a  quadrupole 
doublet  with  the  same  magnetic  gradient  [3].  The  only 
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difference  is  that  the  APF  matching  doublet  contains 
quadrupoles  of  different  length  in  order  to  inject  a  beam 
with  axial  symmetry  into  the  DTL.  The  total  length  of  the 
matcher  does  not  exceed  22  cm.  The  projections  of  the  6D 
emittance  after  that  matcher  are  shown  by  Fig.  1 .  A  simi¬ 
lar  particle  distribution  is  injected  into  the  KONUS  struc¬ 
ture. 


A<)>  /  deg  x  /  mm  y  /  mm 


Figure  1 :  Beam  emittance  areas  at  the  end  of  the  matcher 
into  the  APF  structure. 


Beamaxis  /  m 


Figure  2:  Phase  positions  of  the  bunch  center  along  the 
KONUS  and  the  APF  structure,  respectively  (including 
two  rebuncher  gaps  for  beam  matching  behind  of  the 
RFQ).  Note  the  big  phase  amplitudes  of  up  to  ±  80°  in 
case  of  APF. 
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Figure  3:  98%  phase  envelopes  for  APF  and  KONUS 
structures  and  different  beam  currents.  Solid  line:  0  mA; 
dashed  line:  1  mA;  dash-dotted  line:  5  mA. 

During  the  optimizing  procedure  of  the  APF  structure 
the  philosophy  was  to  keep  the  longitudinal  emittance 
small  with  accepting  a  considerable  reduction  in  energy 
gain.  The  first  and  the  second  APF  section  each  contains 
one  longer  3{}A/2-period  at  the  end  for  shifting  the  bunch 
centre  to  the  negative  phase  in  one  step.  Otherwise  the 


corresponding  drift  tubes  would  become  too  short.  The 
final  phase  pattern  for  the  APF  accelerating  channel  pre¬ 
sented  by  Fig.  2  consists  of  6  sections,  each  of  them  being 
optimized  individually.  The  KONUS  design  on  the  other 
hand  contains  4  sections.  The  resulting  phase  pattern  of 
the  bunch  centre  is  also  shown  at  the  same  figure.  Fig.  3 
and  4  show  the  longitudinal  and  transverse  98%  beam 
envelopes,  respectively  (including  the  matching  section 
behind  of  the  RFQ). 


Beamaxis  /  m 


Figure  4:  98%  transverse  beam  envelopes  for  APF  and 
KONUS  structures  (for  0  mA,  1  mA  and  5  mA). 
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Figure  5:  Projections  of  the  exit  beam  emittance  for  the 
KONUS  structure.  The  ellipses  contain  90%  of  the  parti¬ 
cles. 
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Figure  6:  Projections  of  the  exit  beam  emittance  for  the 
APF  structure.  The  ellipses  contain  90%  of  the  particles. 

The  aperture  is  enlarged  from  12  mm  to  16  mm  at  an 
energy  of  around  1  MeV/u  for  APF  and  at  4.5  MeV/u  in 
case  of  KONUS.  The  energy  spread  is  reduced  towards 
the  exit  considerably  for  both  structures.  The  exit  emit- 
tances  for  zero  current  are  shown  by  Fig.  5  and  6. 

Both  structures  have  been  designed  for  small  beam  cur¬ 
rents.  As  the  calculations  show,  the  space  charge  influence 
at  1  mA  can  be  considered  as  negligibly  small  while  at 
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5  mA  pronounced  effects  occur  in  both  structures  already 
(see  Fig.  3  and  4).  The  output  against  the  injected  beam 
current  is  shown  at  Fig.  7.  The  KONUS  beam  transmis¬ 
sion  is  100%  up  to  about  20  mA.  The  value  of  25  mA  is 
supposed  to  be  the  current  limit.  The  100%  beam  trans¬ 
mission  and  current  limit  for  the  APF  accelerating  channel 
are  10  mA  and  16  mA,  respectively.  Fig.  8  shows  the 
growth  factors  of  the  normalized  90%  ellipse  emittance 
areas  against  the  injected  beam  current:  For  zero  current 
the  transverse  increase  for  APF  is  70%  versus  10%  for 
KONUS.  The  corresponding  rms  emittance  growth  are 
44%  for  APF  against  8%  in  case  of  KONUS. 


Table  1 :  Main  parameters  of  the  investigated  KONUS  and 
APF  structures. 


KONUS 

APF 

Operating  frequency 

MHz 

216.8 

216.8 

Injection  energy 

MeV/u 

0.3 

0.3 

Exit  energy 

MeV/u 

7.0 

7.0 

Number  of  gaps 

58 

78 

Tank  length 

m 

4.0 

4.3 

Total  RF  effective  voltage 

MV 

21.2 

28.2 

Maximum  eff.  gap  voltage 
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Figure  7:  Current  transmission  for  KONUS  and  APF 
structures. 
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Figure  8:  Normalized  emittance  growth  for  KONUS  and 
APF  structures  (90%  ellipse  areas). 
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dynamics  with  the  IH  structure  seems  to  be  attractive  as 
the  second  stage  of  acceleration  for  inexpensive  compact 
linacs  in  some  cases,  when  the  beam  parameter  require¬ 
ments  are  tolerant  enough. 
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Abstract 

In  the  frame  work  of  the  Italian  participation  to  the 
project  of  a  high  intensity  proton  facility  for  the  energy 
amplifier  and  nuclear  waste  transmutations,  the  LNL  has 
been  proposed  a  project  for  the  construction  of  a  second 
generation  facility  for  the  production  of  radioactive  ion 
beams  (RIBs)  by  using  the  ISOL  method.  The  final  goal 
consists  in  the  production  of  neutron  rich  RIBs  with 
masses  ranging  from  80  to  160  by  using  primary  beams 
of  protons/ deuterons  with  energy  of  100  MeV/u  and  100 
kW  power.  This  project  is  proposed  to  be  developed  in 
about  10  years  from  now  and  intermediate  milestones  and 
experiments  are  foreseen  and  under  consideration  for  the 
next  INFN  five  year  plan  (1999-2003).  In  such  period  of 
time  is  proposed  the  construction  of  a  deuteron  accelerator 
of  20  MeV  energy  and  5  mA  current,  consisting  of  a  RFQ 
(5  MeV)  and  a  linac  (20  MeV),  and  of  a  neutron  area 
dedicated  to  the  RIBs  production  and  other  applications. 
Besides  the  RIBs  production,  neutron  beams  for  the 
BNCT  applications  and  neutron  physics  are  also  planned. 

1  METHODS  OF  PRODUCTION 

Two  methods  can  be  used  to  produce  RIBs  and  are  the 
Projectile  Fragmentation  (PF)  and  the  post-acceleration  of 
isotopes  produced  by  spallation,  fragmentation,  or  fission 
reactions  with  high-intensity  proton/light-ion  beams  in 
thick  targets  (ISOL  method).  The  ISOL  method  takes  a 
complementary  approach  to  the  production  of  RIBs.  In  the 
ISOL  scheme  a  primary  accelerator  (or  a  nuclear  reactor) 
yields  a  production  beam  of  charged  particles  (or 
neutrons),  which  is  sent  on  a  thick,  hot  target.  The 
radioactive  species  thereby  produced  are  transported  by  a 
transfer  tube  to  an  ion  source,  then  mass  separated  and 
breeding  to  higher  charge  state;  the  resulting  ions  are 
separated  by  an  isotope/isobar  separator,  post-accelerated 
and  sent  into  the  experimental  area.  The  comparison  and 
choice  between  the  PF  and  ISOL  methods  is  strongly 
dependent  on  the  physics  to  investigate.  One  of  the 
relevant  parameters  for  a  comparison  of  the  ISOL  and  the 
PF  production  methods  is  the  RIBs  production 
luminosity,  which  is  independent  of  cross-section.  The 
maximum  production  luminosity  expected  for  an  ISOL 
facility  is  three  or  four  order  of  magnitude  higher  than  in 
the  PF  figure.  This  because  the  luminosity  can  be 
achieved  through  the  combination  of  a  thick  production 
target  and  a  very  intense  primary  beam.  The  proposed 
researches  which  are  done  at  near-Coulomb  barrier 
energies  and  below,  involves  studies  of  nuclear  structure, 


low-energy  nuclear  reactions,  astrophysics,  and  materials 
sciences  applications  and  are  best  served  by  intense,  high- 
quality,  low-energy  RIBs  provided  by  the  ISOL  approach. 
This  because  the  post-accelerator,  optimized  for  high 
quality  beams,  provide  the  easy  energy  variability,  high- 
energy  precision  and  small  emittances  as  demanded  by  the 
experiments.  The  main  drawback  to  the  ISOL  method  is 
that  the  diffusion/desorption  from  the  production  target 
and  ionization  of  radioactive  fragments  are  strongly 
element-dependent  and  slower  than  in  the  PF  method. 
However,  this  feature  can  be  also  an  advantage  of  the 
ISOL  method  because  it  give  Z  selectivity  and, 
consequently,  enhance  beam  purity. 

2  THE  FACILITY  CONCEPT 

We  propose  a  two-accelerator  ISOL-type  facility  to 
provide  intense  neutron-rich  radioactive  ion  beams  of 
highest  quality,  in  the  range  of  masses  between  80  and 
160.  The  proposed  production  mechanism  is  the  fission 
induced  by  fast  neutrons  in  fissile  material  targets.  The 
fission  mechanism  has  the  advantage  that  very  neutron 
rich  radioactive  beams  can  be  produced.  The  conceptual 
design  is  based  on  a  high  intensity  proton/deuteron  linac 
as  driver  and  on  the  availability  of  the  heavy-ion 
accelerator  ALPI  as  post  accelerator  [1].  The  main  idea  is 
to  use  the  primary  beams  to  produce,  by  a  converting 
target,  an  intense  flux  (~  3  x  1014  cm'2  s'1)  of  neutrons. 
The  use  of  a  converting  target  partially  solves  the 
problems  concerning  the  beam  power  dissipation  and 
radiation  damage  in  the  radioisotope  production  target/ion 
source  system.  The  purely  nuclear  mechanism  of  energy 
loss  and  the  long  collision  length  of  neutrons  allow  rather 
large  target  thickness  to  be  used  for  more  effective  isotope 
production.  The  primary  accelerator  is  a  sequence  of  RFQ- 
DTL  linac  which  can  deliver  proton/deuteron  beams  in  the 
energy  range  of  10  -  100  MeV/u  at  a  beam  power  of  100 
kW.  The  RFQ  accelerates  the  beam  up  to  5  MeV  while 
further  acceleration  up  to  100  MeV/u  is  accomplished  by 
the  DTL  linac.  The  facility  is  planned  to  be  located  below 
ground  level  to  assist  in  the  prompt  neutron  radiation 
shielding.  The  beams  delivered  by  the  driver  will  produce 
radionuclides  by  irradiating  targets  in  a  well-shielded 
dedicated  area.  The  radionuclides  will  be  extracted  at  20  kV 
from  the  target  and  ionized  to  the  1+  charge  state,  charge 
breeded  to  obtain  a  mass  over  charge  ratio  of  about  10, 
mass  separated,  and  then  sent  either  directly  to  an 
experimental  area  for  research  with  ion  traps,  or  to  the 
secondary-beam  accelerator  which  will  be  housed  in  the 
existing  ALPI  building.  To  fill  the  ALPI  linac  with  these 


0-7803-5573-3/99/$  1 0.00  @  1999  IEEE. 


3558 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


very  low  energy  beam  requires  a  new  accelerating  stage 
(pre-accelerator)  up  to  about  1  MeV/u.  The  pre-accelerator 
consists  of  three  low-frequency  RFQs  similar  to  the  ones 
of  the  PIAVE  injector  [2],  These  low-energy  secondary 
beams  can  be  delivered  to  the  experimental  area,  located  in 
the  ALPI  building,  for  low-energy  experiments 
(astrophysics).  The  further  acceleration  up  to  about  5 
MeV/u  (l32Sn13+)  is  accomplished  by  the  ALPI  linac  and 
the  radioactive  beams  will  be  delivered  to  the  existing 
experimental  areas.  The  capability  of  the  ALPI  linac  to 
accelerate  stable  beams  will  remain  independent  of  this 
program,  both  during  construction  and  operation  with 
radioactive  beams. 

3  SECONDARY  BEAM  INTENSITIES 

Extensive  calculations  of  production  rates  of  radioisotopes 
have  been  performed  using  Montecarlo  codes  LAHET  [3] 
and  FLUKA  [4],  The  goal  of  such  a  calculations  is  to 
provide  realistic  and  accurate  estimates  of  the  production 
yields  for  secondary  ion  beams  to  guide  the  detailed 
accelerator  design  and  providing  input  for  the  physics 
program.  Since  LAHET  code  does  not  transport  neutrons 
with  energy  below  20  MeV,  simulations  in  voluminous 
thick  targets  have  been  performed  with  the  FLUKA  code 
(version  ’98).  In  particular,  the  fission  process  is 
computed  using  ENDF/B-6,  JEF2.2  and  JENDL3  nuclear 
data  libraries.  The  most  efficient  production  of  neutron- 
rich  isotopes  is  achieved  via  neutron  induced  fission  of 
fissile  materials  (i.e.  uranium  and  thorium).  Neutrons  are 
produced  by  stopping  the  primary  proton/deuteron  beam 
in  a  suitable  target  (stopping  target).  The  stopping  target 
must  be  chosen  according  to  the  primary  beam  in  order  to 
emit  secondary  neutrons  in  a  forward  narrow  cone.  It  is 
understood  that  such  a  two-step  device  produces  its  best 
results  when  the  secondary  neutrons  production  is  high. 
This  could  be  accomplished,  for  instance,  taking 
advantage  of  the  deuteron  stripping  in  reactions  with  light 
elements.  The  predicted  fission  fragments  spectrum  for 
high  energy  neutrons  has  been  calculated  with  the 
FLUKA  code  and  shown  in  Fig.  1. 

200  MeV  d  +  Be  - - p.  n  +  238U 


MASS  NUMBER 

Figure  1:  Predicted  fission  fragments  spectrum. 


4  THE  NEUTRON  FACILITY  SPES 

As  an  intermediate  milestone  of  the  full  project  the 
Legnaro  Laboratories  have  been  proposed  a  neutron 
facility  (SPES)  to  be  constructed  in  the  next  five  years.  It 
will  result  in  a  medium  intensity  neutron  facility 
addressed  to  the  national  community  and  dedicated  to  the 
RIBs  production  as  well  as  to  the  BNCT  applications  and 
to  the  neutron  physics.  Because  its  modularity  the 
primary  accelerator  is  planned  to  be  constructed,  at  the 
beginning,  in  a  minimal  version  and  further  implemented 
to  accelerate  beams  up  to  100  MeV/u.  The  primary 
accelerator  consist  in  the  sequence  of  RFQ-DTL  linac 
limited  in  energy  (10  MeV/u).  The  beam  power  to  be 
considered  is  ranging  between  10  and  100  kW.  For  the 
remaining  part  the  facility  is  conceptually  planned  as 
described  above,  thus  the  secondary  beams  can  be  delivered 
for  experiments  at  low-energy  (traps,  astrophysics,...)  or 
pre-accelerated  and  injected  in  the  ALPI  linac  for  a  further 
acceleration  to  higher  energies.  The  limited  energy  of  the 
primary  accelerator  will  imply  a  lower  neutron  production 
rate;  in  any  case  the  estimated  neutron  yield  at  the  target 
level  is  2  x  1014  n/s  (100  kW),  high  enough  to  satisfy  the 
demand  for  an  advanced  RIBs  facility. 

5  NEUTRON  PRODUCTION  RATES 
AND  BEAM  INTENSITIES 

High  energy  neutron  sources  based  on  high  current 
continuous  wave  (CW)  deuteron  or  proton  accelerators  and 
thick  targets  of  light  nuclei  provide  the  most  suitable 
intensities  for  the  aims  of  the  project.  The  experimental 
data  on  deuteron  and  proton  induced  neutron  source 
reactions  were  reviewed  by  Lone  [5]  and  Barschall  [6].  At 
deuteron  energies  above  a  few  MeV,  the  d  +  Be  and  d  +  Li 
reactions  have  the  highest  cross  sections  for  production  of 
neutrons  in  the  forward  direction.  The  high  energy 
neutrons  measured  from  thick  beryllium  and  lithium 
targets  exhibit  spectral  shapes  and  angular  distributions 
which  are  characteristic  of  the  deuteron  stripping  process. 
At  a  comparable  projectile  energy  the  intensity  and  the 
average  energy  of  neutrons  at  0°  from  a  thick  beryllium 
target  are  highest  for  the  deuterons.  The  dose  rates  from 
the  d  +  Be  reaction  on  thick  targets  are  higher  than  those 
from  the  p  +  Be  reaction  at  the  same  projectile  energy. 
Also,  the  angular  distributions  of  neutrons  from  the 
deuteron  reactions  are  narrowed  than  those  from  the  proton 
reactions  at  the  same  projectile  energy.  The  intensity  of 
the  neutrons  emitted  in  the  forward  direction  increases 
rapidly  with  the  deuteron  bombarding  energy. 
Independently  from  the  stopping  target,  the  deuterons 
seems  the  most  appropriate  projectiles  for  the  production 
of  neutrons.  Stopping  targets  as  beryllium  and  lithium 
both  present  characteristics  which  are  suitable  for  the  task. 
For  some  application  uranium  stopping  target  is  suitable 
too,  even  if  it  shows  different  angular  and  energetic 
distributions.  In  this  contest,  for  the  intermediate 
milestone  of  the  project,  the  most  suitable  driver  may 
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consists  of  a  deuteron  accelerator  of  20  MeV  energy  and 
power  up  to  100  kW.  With  minimal  changes  to  the  RFQ 
designed  for  the  high  intensity  proton  driver  the  same 
device  allows  to  accelerate  also  deuterons.  The  RFQ  is 
followed  by  a  short  section  of  the  DTL  linac.  The 
expected  yield  of  neutrons  with  energy  above  1  MeV 
emitted  in  an  angle  between  0°  and  10°  is  2  x  10 14  (n/s), 
for  100  kW  power  in  the  stopping  beryllium  target.  The 
expected  beam  intensities  for  a  production  deuteron  beam 
of  20  MeV  and  100  kW  power  are  shown  in  Table  1.  The 
stopping  target  is  beryllium  and  the  production  target  is 
uranium  carbide  with  a  thickness  of  100  gem'2. 


Table  1:.  Expected  beam  intensities.  The  overall 
efficiency  values  are  taken  from  Ref.  [7].  *  Value  taken 
from  Ref.  [8]. 


Isotope 

Prod. Rate 
20  MeV 
TAt./puCl 

Overall 

Efficiency 

r%i 

Beam  Int. 
20  MeV 
TAtoms/s] 

Zn72 

1.3  x  103 

8 

5.2  x  105 

Zn78 

1.2  x  106 

0.48 

2.9  x  107 

Zn84 

2.4  x  102 

- 

- 

Kr91 

9.4  x  108 

29 

1.4  x  1012 

Kr94 

2.6  x  108 

6.4 

8.3  x  10‘° 

Rb97 

3.2  x  107 

11 

1.7  x  10’° 

Cd131 

102 

0.25* 

103 

Sn132 

6.7  x  108 

2.4 

8  x  1010 

Sn138 

8x  102 

0.37* 

1.5  x  104 

Xe142 

5.5  x  108 

26 

7  x  1011 

Xe144 

4.4  x  107 

26 

5.7  x  10‘° 

Cs144 

6.3  x  108 

38 

1.2  x  1012 

6  RESEARCH  AND  DEVELOPMENT 

During  the  development  of  the  conceptual  design  for  the 
RIBs  facility,  numerous  areas  in  which  additional  research 
and  development  seemed  appropriated  have  been  identified. 
These  areas  are  briefly  described  below,  but  not  in  any 
order  of  priority. 

6.1  Stopping  target  for  neutron  production 

It  was  mentioned  above  that  a  beryllium  or  lithium  target- 
converter  serves  as  an  efficient  neutron  source  for  isotope 
production  by  fission  in  the  secondary  production  target. 
This  solution  will  allow  to  solve  the  technological 
problems  related  to  the  power  dissipation  (100  kW)  from 
the  production  target  by  decoupling  the  intense  particle 
beam  from  the  secondary  target  in  terms  of  the  energy 
absorption  and  consequent  target  heating.  Beryllium  and 
lithium  are  suitable  for  such  an  application,  but  both  kind 
of  targets  present  design  problems  that  demand  a  carefully 
investigation. 


6.2  Target/ion  source 

In  order  to  obtain  experimental  informations  on  the 
neutron-rich  nuclei  produced  by  neutron-induced  fission  of 
uranium  isotopes  an  experimental  program  has  been 
approved  by  INFN  and  actually  in  progress  at  LNL.  It 
foresees  the  construction  of  an  isotope  separator  for  on¬ 
line  operation  coupled  to  the  7  MV  CN  van  de  Graaff 
accelerator.  The  layout  of  the  isotope  separator  is  very 
similar  to  presently  existing  low-current  separators  and 
consists  of  a  60°  magnet  with  1.3  m  bending  radius,  a 
mass  resolving  power  M/_M  ~  800  and  dispersion 
-1500/M  mm.  The  idea  is  to  produce  neutrons  by 
bombarding  thick  beryllium  targets  with  deuterons 
accelerated  up  to  an  energy  of  7  MeV  and  current  of  3  ft  A. 
The  expected  total  neutron  yield  at  7  MeV  deuteron  energy 
is  5xl09  neutrons/sr/pA  at  0°,  with  an  average  energy 
<En>  =  3.2  MeV.  The  on-line  test  stand  for  study  the 
production  yields,  the  release  efficiencies,  the  delay  times 
in  the  production  targets  and  for  testing  the  ion  source 
efficiencies  and  emittances.  A  high-temperature  integrated 
target-ion-source  system  has  been  designed  for  the  on-line 
mass  separator.  This  system  includes,  other  than  the 
target,  a  1+  charge  state  surface  ionization  source 
operating  at  20  kV.  The  targets  are  composed  of  uranium 
carbide  (typical  thickness  100  g  cm'2).  In  order  to  have  a 
rapid  diffusion  and  a  good  selectivity  of  the  fission 
products  the  target-ion-source  system  can  be  operated  up 
to  2500  °C.  The  expected  production  rates  at  the  target 
level  for  several  different  isotopes  is  estimate  ranging  in 
between  104  -  106  atoms/s/grU. 

6.3  Production  of  multiple  charged  ions 

To  accelerate  radioactive  beams  efficiently,  ions  charge 
greater  than  +1  may  be  advantageous.  Efficient  production 
of  such  ions  would  also  reduce  the  cost  of  the  acceleration 
stages.  A  new  ion  source  of  the  EBIS-type,  the  Trapped 
Ion  Source  (TIS)  actually  under  development  is  capable, 
in  principle,  of  producing  very  highly  charged  ions  [9]. 
The  main  new  feature  of  TIS,  with  respect  to  an  EBIS,  is 
the  adding  of  radial  ion  confinement  of  the  rf  quadrupoles 
to  the  potential  well  of  the  electron  beam  space  charge, 
which  allow  to  select  the  ion  type  to  be  contained  in  the 
pseudo-potential  well  (as  is  done  in  a  common  mass 
spectrometers). 
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Abstract 

An  essential  reconstruction  of  the  injection  line  has 
been  carried  out  in  the  INR  linac.  The  original  LEBT  was 
designed  to  inject  750  keV  proton  and  IT  beams 
simultaneously  into  the  Alvarez  tank.  It  included  a  section 
downstream  of  the  merging  magnet,  where  two  beams  are 
transported  simultaneously.  In  order  to  improve  reliability 
of  the  high  voltage  transformers  as  well  as  to  increase 
average  current  of  the  accelerated  beam  a  decision  has 
been  taken  to  insert  a  booster  RFQ  downstream  of  the 
merging  magnet.  The  198.2  MHz  RFQ  has  been  designed 
to  accelerate  hydrogen  ions  from  400  keV  to  750  keV. 
For  the  transportation  of  400  keV  beam  from  HV  injector 
to  the  RFQ  entrance  the  old  part  of  the  LEBT  is  used.  A 
345  mm  space  between  RFQ  and  DTL  contains  a  buncher 
with  the  effective  voltage  of  110  kV,  four  electromagnet 
quadrupole  lenses  and  two  boxes  for  beam  diagnostics. 
The  results  of  the  commissioning  of  the  new  injection 
system  are  reported. 

1  INTRODUCTION 

The  operational  experience  at  the  INR  linac  [1]  has  shown 
that  the  electrical  reliability  of  the  750  kV  pulsed 
transformer  and  accelerating  tube  is  not  sufficient  at 
higher  repetition  rate  (above  50  Hz).  Therefore  a  booster 
RFQ  to  upgrade  the  beam  energy  from  400  keV  to  750 
keV  has  been  proposed  and  developed  [2].  The  reduction 
of  the  pulse  transformer  voltage  allows  us  to  increase  the 
beam  pulse  duration  from  80  ps  to  150  ps  being  operated 
below  the  saturation  of  the  core.  The  duty  factor  and  the 
average  beam  current  of  the  linac  are  increased 
proportionally. 

Historically  the  injection  line  (LEBT)  of  the  linac  is 
divided  to  three  sections,  the  last  one  is  a  channel  where 
the  hydrogen  ions  are  transported  simultaniously.  The 
new  RFQ  and  an  additional  equipmernt  for  the  beam 
matching  and  diagnostics  have  been  designed  to  install  on 
the  third  section  of  the  LEBT  (see  Fig.l).  A  45  mm 
diameter  collimator,  a  wire  scanner  and  a  solenoid  are 
placed  upstream  of  the  RFQ.  Due  to  the  limited  space  and 
reletively  high  energy  of  the  beam  being  injected  the 
adiabatic  capture  in  the  RFQ  could  not  be  provided.  To 
improve  the  longitudinal  capture  an  additional  buncher  B- 
400  has  been  foreseen  in  front  of  the  RFQ.  The  matching 
section  between  the  RFQ  and  DTL  must  be  designed  as 
short  as  possible  to  provide  the  efficient  capture  of  the 
RFQ  beam  with  relatively  large  momentum  spread  into 
the  DTL.  That  section  length  is  only  345  mm.  A  design 


task  to  place  a  large  number  of  the  matching  and 
diagnostic  equipment  in  the  space  between  the  RFQ  and 
DTL  has  been  successfully  solved. 

The  equipment  manufacturing  and  installation  was 
finished  last  fall.  During  the  beam  production  shifts  in 
November-December  1998  the  RFQ  and  matching  section 
were  commissioned. 


Figure  1:  Layout  of  the  LEBT  containing  the  new 
equipment. 

A  description  of  the  main  equipment,  their  tuning  and 
first  operations  with  the  new  LEBT  are  given  below. 

2  RFQ  CAVITY 

The  main  parameters  of  the  RFQ  are  shown  in  Table  1[2]. 


Table  1 :  Basic  parameters  of  the  RFQ. 


Operating  frequency 

198.2  MHz 

Input  energy 

400  keV 

Output  energy 

750  keV 

Energy  spread  (full  width,  100  mA) 

4.6% 

Phase  spread  (full  width,  100  mA) 

o 

o 

Intervane  voltage 

150  kV 

Mean  bore  radius  (r0) 

8  mm 

Aperture  radius 

6.85  mm 

Length  of  the  vanes 

1199  mm 

Cavity  length 

1300  mm 

Inside  diameter  of  the  tank 

325  mm 

A  simplified  assembly  drawing  of  the  RFQ  cavity  is 
shown  in  Fig.  2.  The  RFQ  tank  and  the  end  covers  are 
made  of  stainless  steel.  The  inside  surface  of  the  tank  is 
covered  by  5  mm  layer  of  oxygen  free  copper  using 
diffusion  welding  technique.  The  tank  consists  of  two 
sections.  Aluminum  rings  are  used  as  vacuum  seals 
between  the  sections  and  end  covers.  The  electrical 
contact  is  provided  with  pressing  of  inside  copper  layers. 
A  roughness  of  the  copper  surface  is  -0.8  pm.  The 
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Figure  2:  Simplified  assembly  drawing  of  the  RFQ  cavity: 
1-  tank  body;  2-  cover;  3-  inner  lining;  4,1 1,14  -  cooling 
channel;  5-  bellow  unit;  6,7-  tuning  units;  8-  rf  power 
loop;  9-  peak-up  loop  port;  10-  adjustment  plate;  12- 
beam  current  transformer;  13-  vane;  15-  target  hub. 


Figure  4:  RF  power  coupling  loop:  1-  loop;  2-  quartz 
window;  3-  collet  connector;  4-  clamping  screw. 


Figure  5:  Tuning  unit:  1-  piston;  2-  rf  contact;  3-  pumping 
tube. 


Figure  6:  The  front  end  view  of  the  RFQ. 


Figure  3:  Vane  alignment  unit. 

measured  Q-value  of  the  RFQ  cavity  is  5670.  Fig.  3 
shows  the  vane  alignment  unit  covered  by  vacuum  cap 
(4).  The  cooling  water  enters  into  the  vane  through  the 
bellow.  A  RF  contact  of  the  vane  with  the  inside  copper 
surface  of  the  tank  is  provided  by  copper  foil  (1).  The 
water  seal  (2)  is  made  of  rubber.  For  the  vacuum  sealing 
of  the  RFQ  cavity  several  types  of  material,  such  as 
indium  (3),  aluminum  (5)  and  copper  (6)  are  used.  The 
RFQ  cavity  is  fed  by  the  RF  power  using  four  coupling 
loops  (Fig.  4).  The  RF  window  (2)  is  made  of  quartz.  The 
coupling  can  be  adjusted  by  the  change  of  the  thickness  of 
a  copper  seal.  A  VSWR  at  the  frequency  of  198.2  MHz 
has  been  measured  and  found  to  be  equal  to  1.5.  The 
cavity  has  eight  tuning  pistons  with  a  diameter  of  75  mm 
(Fig.  5).  The  tuning  pistons  are  installed  in  the  vacuum 
pumping  ports.  The  half  of  the  total  number  of  pistons  can 
be  adjusted.  Beam  current  transformers  are  mounted 
inside  of  the  end  covers.  The  cavity  is  equipped  with  eight 
160 1/s  titanium  pumps.  A  front  view  of  the  RFQ  is  shown 
in  Fig.  6. 

3  RFQ  POWER  SUPPLY 

The  four-stage  198.2  MHz  power  amplifier,  similar  to  the 
standard  DTL  tank  one,  feeds  the  RFQ  cavity.  A  RF 
power  divider  by  4  is  installed  in  the  output  of  300/130 
mm  coaxial  feeder.  The  divider  is  a  quarter  wavelength 
transformer  with  the  characteristic  resistance  of  25  Q. 
Four  25  m  coaxial  cables  PK-50-44-17  are  connected  to 
the  divider.  The  cable  withstands  up  to  1  MW  pulsed 
power  at  the  average  power  of  3.5  kW  at  the  frequency  of 
200  MHz.  The  divider  reliability  has  been  tested  by  the 
installation  of  the  similar  device  in  the  output  of  four 
cables,  which  has  been  connected  to  matched  load.  Up  to 
500  kW  peak  power  in  220  ps  pulse  length  at  the 
repetition  rate  of  100  Hz  has  been  successfully 
transported  into  the  load.  All  of  four  cables  have  been 
connected  to  the  RFQ  by  means  of  a  special  angular 
sockets.  An  extra  attention  has  been  paid  to  the  equalizing 
of  the  electrical  length  of  the  cables.  The  cable  lengths 
have  been  chosen  on  the  basis  of  capacity  measurements 
with  accuracy  of  0.3  pF.  The  final  determination  of  the 


3562 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


cable  lengths  has  been  made  on  the  base  of  low  level 
phase  measurements  with  the  precision  of  ~5°. 

The  conditioning  of  the  RFQ  cavity  has  been  performed 
at  the  vacuum  pressure  of  1  •  1 0"6  Torr  by  smooth  rise  of 
average  and  peak  rf  power  at  the  pulse  duration  of  50, 
100,  220  ps  and  repetition  rate  of  10,  50,  100  Hz.  The 
pulsed  power  of  280  kW  has  been  gained  during  60  hours 
of  conditioning. 

The  tank,  the  end  covers,  coupling  loops  and  tuners  are 
cooled  with  deionized  water  from  the  DTL  water-cooling 
circuit.  The  resonant  frequency  is  controlled  by  the  water 
temperature  which  flows  through  the  vanes.  For  this 
purpose  a  24  kW  electrical  heater  is  used.  The  heater 
current  is  controlled  either  by  temperature  gauge  or  by  the 
phase  difference  signal  taking  from  the  RFQ  measuring 
loop  and  from  capacitor  probe  installed  in  one  of  the  RFQ 
angular  sockets.  A  temperature  coefficient  is  about  50 
kHz  per  1°C.  The  operating  temperature  of  the  water  in 
the  RFQ  tank  is  about  23°C.  The  water  temperature  in  the 
vanes  is  higher  by  2.5°  C. 

4  RFQ-DTL  MATCHING  SECTION 

The  matching  section  (Fig.  7)  is  designed  to  match  the  6D 
emittance  of  the  RFQ  beam  to  the  DTL  acceptance.  An 
effective  voltage  of  110  kV  on  the  buncher  B-750  gap  is 
required  to  match  the  beam  longitudinal  emittance.  Four 
quadrupole  lenses  Q1...Q4  with  maximum  gradients  of 
4.8. ..3.8  kGs/cm  and  8. ..14  mm  radius  of  aperture  are 
used  for  the  beam  transverse  matching.  The  first 
diagnostic  box  is  located  downstream  of  the  lens  Q1  (Fig. 
7).  It  contains  two  slits  in  X  and  Y  axis  and  a  harp. 
Another  diagnostic  box  is  placed  downstream  of  the  lens 
Q3.  It  is  equipped  with  multistrip  collector,  variable 
collimator,  current  transformer  and  a  vacuum  valve.  A 
general  side  view  of  the  matching  section  is  shown  in  Fig. 
8. 


5  COMMISSIONING  RESULTS 


6  CONCLUSION 

The  installation  and  commissioning  of  the  RFQ  has 
increased  the  average  current  and  improved  the  reliability 


Figure  7:  The  RFQ-DTL  matching  section. 


Figure  8:  The  matching  section. 


The  lower  beam  energy  from  the  injector  results  in 
increase  of  the  full  unnormalized  beam  emittance  from  10 
Jt  cm  mrad  to  15  n  cm  mrad.  The  transmission  of  the 
beam  current  along  the  whole  LEBT  has  not  optimised 
yet.  Therefore  only  28%  of  the  120  mA  total  current  is 
transported  to  the  RFQ  entrance.  The  proton  beam  current 
at  the  output  of  the  RFQ  is  ~25  mA.  A  12.5  mA  peak 
current  beam  has  been  accelerated  along  the  whole  linac 
without  any  bunchers.  The  total  particle  losses  above  the 
20  MeV  part  of  the  linac  are  eqaul  to  -0.1%.  For  this 
moment  the  average  current  of  the  beam  is  sufficient  for 
the  users.  We  believe  that  the  peak  current  of  the 
accelerated  beam  can  be  increased  up  to  25  mA  by  the 
help  of  careful  tuning  of  the  LEBT,  bunchers  and 
matching  quadrupoles. 


of  the  linac  operation.  There  are  reserves  for  the  further 
increase  of  the  beam  current  by  the  help  of  careful  tuning 
of  the  LEBT  and  matching  section. 
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Abstract 

It  is  widely  known  the  multiple  channel  acceleration  is  the 
most  adequate  way  to  save  initial  beam  parameters  due  to 
the  possibility  of  decreasing  Coulomb  forces  in  intensive 
input  beams.  To  keep  beam  initial  emittance  and 
divergence  for  high  enough  specific  value  of  the  injection 
ion  beam  during  acceleration  the  input  beam  should  be 
split  on  multiple  beams  and  every  the  micro  beam  must  be 
screened  from  each  other  as  much  as  possible.  On  the 
other  hand,  it  is  very  much  desirable  to  keep  the  total 
macro  beam  rather  compact  transversally  and  try  to 
accelerate  all  the  micro  beams  within  the  same  accelerator 
structure  at  the  same  RF  field.  Attempts  to  use 
conventional  quadruple  focusing  channels  both  RF  and 
electrostatic  for  multiple  beam  acceleration  usually  lead  to 
extremely  complicate  and  bulky  construction  of  the 
structure.  We  suppose  multiple  beam  linac  channels  with 
alternating  phase  focusing  (APF)  as  more  adequate  for  the 
purpose  while  they  are  limited  by  less  values  of  beam 
capture  into  acceleration  process.  The  original  version  of 
the  quadruple  RF  focusing  multiple  beam  system  called 
space  lattice  focusing  (SLF)  is  supposed  for  getting 
intensive  ion  beam  with  extremely  low  divergence.  The 
basic  principles  of  the  theoretical  approach  as  well  as 
some  possible  advances  and  restrictions  for  the  practical 
use  in  RF  linac  are  supposed  to  be  discussed. 

1.  INTRODUCTION 

Requirements  of  extremely  small  divergence  of 
intensive  accelerated  beams  may  probably  be  successfully 
accomplished  only  by  means  of  multiple  beam  accelerator 
systems  [1],  The  advantage  of  multiple  beam  approach 
takes  maximal  effect  if  amount  of  simultaneously 
accelerated  micro  beams  is  pretty  high,  i.e.  some  hundred 
or  even  thousands  [2],  It  follows  from  that  the  value  of 
output  angular  divergence  of  total  beam  at  given  value  of 
its  total  current  is  roughly  inversely  proportional  to  square 
root  of  number  of  beam  channels  [3].  The  main  purpose 
of  multiple  channel  system  designed  for  small  output 
angular  divergence  is  screening  of  every  the  accelerated 
beam  from  other  micro  beams  as  much  as  possible  to 
avoid  strong  space  charge  forces  influence  on  total  beam 
emittance  growth.  In  searching  an  adequate  accelerating 
and  focusing  RF  system  we  have  found  the  principle 
possibility  to  screen  multiple  accelerating  from  each  other 
by  introducing  the  system  of  add  electrodes  of  special 
form  in  accelerating  gaps. 

‘Work  is  supported  in  part  by  ISTC 
'Email:  plotnikov@vitep5.itep.ru 


2.  SPACE  LATTICE  FOCUSING 

Let  us  consider  the  multiple  beams  RFQ  system  by  using 
a  new  focusing  element  called  "space  lattice"  (SL- 
focusing)  [4],  It  is  well  known  in  drift  tube  linac  (DTL)  at 
the  edges  of  drift  tubes  particles  are  exposed  to  transversal 
focusing  or  defocusing  pushes  from  RF  field.  In 
particular,  in  DTL  a  particle  is  pushed  by  defocusing  RF 
field  at  the  input  and  by  focusing  field  at  the  output  edges 
of  drift  tubes  while  it  is  roughly  free  from  RF  field  action 
within  drift  tubes  and  accelerating  gaps.  We  considered  a 
possibility  of  substantial  amplification  of  focusing  action 
from  RF  field  by  increasing  a  number  of  appropriate 
boundary  edges.  It  is  acceptable  if  some  additional 
electrodes  are  arranged  within  every  accelerating  gap. 

By  executing  M  horizontal  grooves  from  one  flat  side  of  a 
thin  electrode  plate  to  its  middle  and  M  vertical  grooves 
from  the  other  side  of  this  electrode  again  to  the  middle 
we  get  metal  space  lattice  with  M  x  M  rectangular 
apertures  with  relatively  thin  walls  in  between  (fig.  1). 


Fig.l.  The  fragment  of  Space  Lattice  electrode. 

If  several  thin  SLs  are  arranged  along  the  common  axis 
at  the  equal  distances  between  them  within  accelerating 
gaps  of  the  multiple  channel  linac  we  have  a  system 
which  can  accelerate  some  hundred  and  thousands  beams 
simultaneously.  In  case  of  circular  apertures  in  thin 
electrodes  focusing  and  defocusing  forces  at  both  edges  of 
thin  electrodes  are  almost  mutually  compensated  while  in 
SL  every  particle  is  pushed  in  vertical  direction  at  the 
input  and  in  horizontal  direction  at  the  output  edges  even 
at  very  thin  electrode  depth.  If  we  arrange  n  SLs  within  an 
accelerating  gap  particles  will  be  n  times  pushed  by 
focusing  strength  in  the  vertical  plane  and  n  times  pushed 
by  defocusing  strength  in  the  horizontal  plane.  When  SLs 
are  arranged  within  every  gap  particles  will  be  suffered 
some  focusing  action  in  one  of  transversal  direction  and 
defocusing  action  in  other  transversal  direction.  By 
turning  SLs  by  an  angle  of  90°  in  every  the  following  gap 
it  is  possible  to  create  a  sequence  of  sign-alternating 
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strengths  analogous  to  field  strengths  at  spatially  uniform 
RFQ  focusing. 


Let  us  consider  now  the  system  of  SL  electrodes 
arranged  according  to  that  presented  in  Fig.2. 


2.  TRANSVERSAL  STABILITY  IN  SLF 
ARRAYS 

Let  us  consider  basic  aspects  of  transversal  stability  of 
ion  motion  in  SLF  arrays.  The  analysis  of  the  system 
properties  is  carried  out  for  a  single  cell  (channel)  of  SL 
electrodes  according  to  the  approach  presented  in  [5]. 

RF  field  potential  within  the  acceleration  gap  has  the 
planes  of  symmetry  XOZ  and  YOZ: 

U(x,y,z)  =  U(x,-y,-z)=  U(x,-y,z). 

By  introducing  the  function  of  G(x,y,z)  which  defines 
the  level  of  deviation  from  axial  symmetry  in  linear 
approximation  and  is  responsible  for  quadruple  focusing 
effect 

1  dE  dE 

G(x,y,z)  = 

2  dx  By 

and  taking  into  account  the  condition  of  mutual 
connection  of  electric  field  components  divE=0,  i.e. 

_  _li^±  q 
dx,y  2  dz 

in  linear  approximation  the  transversal  motion  equations 
may  be  written  in  the  form: 


x  ■  cos  cot(z), 
y  ■  cos  wt(z), 
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m  o 
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Direction  of  foaualng  and  defocusing  pushes 

Fig.2.  Structure  of  multiple  beam  array  with  S  =pX 

By  splitting  the  focusing  period  into  segments  we  can 
get  the  matrix  of  the  period  by  means  of  multiplication 
matrixes  of  all  the  segments. 


F.rinl.f 
sUgle  SL 


Period  of  vertical 
lower-like  elect 


Period  of  korbunctal 
louver-like  electrode 


Assuming  the  conditions  of  x=const,  y=const  are  valid 
within  SL  electrodes  we  can  write  the  expressions  for 
transversal  velocity  increments  in  thin  lenses 
approximation: 

i/ 

.  dx  zex  Y  dEx(z)  dz  . 

A  —  =  -  — - cos  o)t(z), 

dt  m0  Jd/  dx  v 

/l 


=  ^  f 

m°  ~*A 


*4  dE  (z)  dz 


- cos  ct)t(z), 
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Assuming  ion  velocity  is  constant  within  RF  quadruples 
and  going  to  the  independent  variable  of  t  =v  t/S  (S  is  the 
length  of  focusing  period),  the  expressions  for  transversal 
velocity  increments  may  be  presented  in  the  form  of 

a  dx  —  / 1.  j.  i.  \  „  a  dy _ ,.  j, 


A  —  =  (i»,  +  b1  )x, 
a  T 


A  —  =  (*,  -  b2)y, 
a  T 


2  m0v2 


t  dE 

— ^-cos  cot(z)dz, 

»  .  rt  7 


2mov2  Jd/2 


jG(z) COS  (Dt(z)dz  , 


Fig.3.  Possible  segments  of  focusing  elements  (a  -  space 
lattice,  b  -  vertical  louver,  c-  horizontal  louver). 

The  segment  with  a  single  cell  of  SL  electrode  is 
presented  in  fig.3a. 

The  coefficient  G(z)  changes  its  sign  within  this  segment. 

GW=^.z<0l  G(z)=-^,z>0. 

2  dz  2  dz 

As  a  result  of  the  integrating  along  the  SL  electrode 

length  the  coefficients  b,  and  b2  may  be  written  as 

.  .  7td  .  ,  ltd 

bi  =  Po  an  —sin  (p,  b2  =  -p0  cos  -^cos  (p , 

n  -ZeS  F 

P  o 

2  W 

In  these  expressions  p0  is  pick  value  of  RF  field 
focusing.  The  increments  of  transversal  velocity  may  be 
written  in  the  form  ( d  is  the  length  of  SL  electrode): 

dx  rtd  dy  7vd 

A-.-Pqcos(?.+— ).,  A-  =  Po  CO*,-—),. 

Coming  to  the  thin  lens  approximation  {d/fiX«l )  the 
matrixes  of  focusing  element  may  be  written  as: 
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'  1 
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'  1 
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p  = 

1 

p  =  - 

1 

p 

p 

P  =  “  P  =  Po  cos  <P- 

The  matrixes  of  the  segment  presented  in  fig.3a 
correspond  to  motions  in  XOZ  and  YOZ  planes. 


Here  (p,  is  a  phase  of  particle  in  the  ri"  SL  of  focusing 
period. 

For  the  segment  with  vertical  orientation  of  through 
slots  or  vertical  "louver"(VL)  (see  fig.3b)  the  coefficient 
G(z)  does  not  change  its  sign): 


Such  electrodes  are  usually  arranged  at  one  of  edges  of 
acceleration  period.  Electrodes  with  horizontal  orientation 
of  through  slots  (HL)  are  arranged  at  the  other  edge  of 
acceleration  period  (see  fig.3c). 

The  coefficients  of  b,  and  b2  are  equal  to  each  other: 
b,  =  b2=  b  =  -  p0  coscp  cos(  nd/fiX). 

Moving  through  the  electrode  with  vertical  orientation 
of  slots  a  particle  gains  double  focusing  momentum  from 
RF  field  in  X  direction  while  is  not  pushed  in  Y  direction 

.  dx  „  .  dy 

A - =  -  2  p0  cos  ip ,  A^-=0. 

dT  dt 

For  the  edge  electrodes  arranged  fiA/2  apart  from  these 
electrodes  the  through  slots  are  oriented  horizontally  so 
particles  gain  double  momentum  from  RF  field  in  Y 
direction  while  no  pushed  in  X  direction. 

The  analytical  calculations  have  been  carried  out 
assuming  that  focusing  effect  is  proportional  to  p2;  the 
defocusing  effect  is  proportional  to  p0  while  higher  powers 
of  p0  were  not  taken  into  account. 

In  fig.4  the  results  of  matrix  analysis  are  plotted  for  the 
case  of  p0  =  1.  It  is  seen  that  in  assumption  of  zero  length 
of  SLs  at  arrangement  of  12  focusing  elements  within  the 
focusing  period  all  particles  are  stable  in  transversal 
directions  independently  on  their  input  phase.  It  is  also 
follows  from  comparison  analytical  and  matrix  calculation 
results  that  focusing  action  of  focusing  lattices  is 
proportional  to  the  coefficient  at  p2  with  rather  high 
accuracy. 

The  focusing  effect  is  weakened  to  some  extent  with 
allowance  for  finite  width  of  SLs.  It  was  found  for  the 
case  when  lattice  electrodes  occupy  one  half  of  focusing 
period  the  necessary  number  of  focusing  SLs  at  the  period 
is  about  30%  more  than  in  case  of  zero-width  SLs  to  make 


transversal  stability  available  for  any  input  phase  of  a 
particle. 
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Fig.4.  Phase  advance  vs.  input  phase  of  ion  (N  is  amount 
of  space  lattices  within  an  acceleration  period  of  J3A/2). 

The  presence  of  both  grooves  and  slots  distorts  to  some 
extent  the  field  structure  near  the  electrode  borders.  To 
increase  focusing  features  of  the  system  it  is  necessary  to 
decrease  field  penetration  into  focusing  elements  by 
narrowing  both  grooves  and  slots.  The  compromise  is 
probably  corresponds  to  the  case  of  field  strength  falling 
to  zero  in  the  middle  of  focusing  electrodes. 

The  preliminary  analysis  shows  that  by  arranging  of 
appropriate  amount  of  SLs  in  every  the  acceleration  gap 
the  considering  multiple  channel  focusing  acquires 
features  of  the  spatially  uniform  RF  quadruple  focusing. 
Theoretically  any  small  beam  divergence  of  total 
accelerated  beam  may  be  reached  in  SLF  array  while 
features  of  practical  use  of  SL  focusing  in  RF  linacs  seem 
to  be  established  by  adequate  ion  injectors  as  well  as 
advanced  level  of  technology  and  practice. 
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Abstract 

The  accelerator  for  the  Accelerator  Production  of  Tritium 
(APT)  Project  is  a  100-mA  continuous- wave  (cw)  proton 
linac  with  an  output  energy  of  1030  or  1700  MeV,  depen¬ 
ding  on  the  tritium-production  capacity  that  is  needed.  A 
high-energy  beam  transport  (HEBT)  system  conveys  the 
beam  to  a  raster  expander,  which  provides  a  large-area 
rectangular  power  distribution  at  a  target/blanket 
assembly.  Spallation  neutrons  generated  by  the  beam  in 
the  target/blanket  are  absorbed  in  Helium-3  to  produce 
tritium.  The  APT  linac  has  an  integrated  normal¬ 
conducting  (NC)/  superconducting  (SC)  design;  the 
machine  architecture,  beam  dynamics,  performance 
issues,  and  the  supporting  engineering-development-and- 
demonstration  program  have  been  discussed  elsewhere  [1, 
2,  3].  The  NC  linac  consists  of  a  75-keV  injector,  a  6.7- 
MeV,  350-MHz  radiofrequency  quadrupole  (RFQ),  a  96- 
MeV,  700-MHz  coupled-cavity  drift-tube  linac  (CCDTL), 
and  a  700-MHz  coupled-cavity  linac  (CCL),  with  an 
output  energy  of  211  MeV.  This  system  is  followed  by  a 
SC  linac  that  employs  700-MHz  elliptical-type  niobium  5- 
cell  cavities  to  accelerate  the  beam  to  the  final  energy. 
The  SC  linac  is  built  in  two  sections,  using  cavities 
optimised  at  P  =  0.64  and  0.82.  Each  section  is  made  up 
of  cryomodules  containing  two,  three,  or  four  five-cell 
cavities,  driven  by  1-MW,  700-MHz  klystrons.  An 
overview  of  the  current  linac  design  is  presented. 

1  INTRODUCTION 

Figure  1  shows  the  architecture  of  the  APT  plant.  The 
APT  linac  begins  with  a  normal-conducting  low  energy 
(LE)  linac,  which  generates  the  cw  proton  beam  in  a  75- 
KeV  injector  and  continues  the  acceleration  through  a 
RFQ,  a  CCDTL,  and  a  CCL  to  21 1  MeV.  This  is  followed 
by  a  superconducting  high  energy  (HE)  linac 


that  accelerates  the  beam  to  full  energy.  The  HE  linac  is 
divided  into  two  sections.  The  first  is  a  medium-p  section 
that  has  102  five-cell  niobium  cavities  optimized  for  P  = 
0.64.  At  the  end  of  this  section,  the  proton  beam  energy  is 
471  MeV.  The  second  is  a  high-P  section  that  has  five¬ 
cell  niobium  cavities  optimized  for  P  =  0.82.  To  attain  an 
output  energy  of  1030  MeV,  140  cavities  are  needed;  an 
additional  140  cavities  are  required  to  reach  1700  MeV. 
As  shown  in  Figure  1,  the  HEBT  configuration  changes 
depending  on  the  output  energy  of  the  accelerator.  The 
HEBT  transports  the  beam  and  then  expands  it  to  a  large- 
area  footprint  at  the  target/blanket  or  conveys  it  to  a  2% 
power  tuning  beam  stop. 

2  ACCELERATOR  DESIGN 

The  following  sections  describe  the  design  of  the  various 
stages  of  the  APT  Linac. 

2.1  Normal-Conducting  Low  Energy  Linac 

The  LE  linac  consists  of  the  injector,  a  350-MHz  RFQ,  a 
700-MHz  CCDTL,  and  a  700-MHz  CCL. 

2.1.2  Injector 

The  2.8-m  long  injector[4]  has  a  radio  frequency  (RF)- 
driven  ion  source  that  produces  a  1 10-mA  cw  proton  beam 
at  75  keV.  A  low  energy  beam  transport  that  has  two 
solenoid  magnets  matches  the  proton  beam  into  the 
acceptance  of  the  RFQ. 

2.1.2  Radio  Frequency  Quadrupole 

The  RFQ[5]  is  an  eight-meter  long  structure  built  of  four 
resonantly  coupled  segments  tuned  for  350  MHz.  The 
RFQ  accepts  the  75-keV,  1 10-mA  beam  from  the  injector 
and  produces  a  6.7-MeV,  100-mA  beam.  It  is  driven  by 
three  1 ,2-MW  klystrons. 


Figure  1 :  Architecture  for  APT  plant. 
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2.1.3  Coupled  Cavity  Drift  Tube  Linac 

A  700-MHz  CCDTL[6]  accepts  the  100-mA  beam  from 
the  RFQ  and  accelerates  it  to  96  MeV.  The  CCDTL 
cavities  are  grouped  into  six  resonant  structures  called 
supermodules  that  span  a  length  of  112.8  m.  The  first 
supermodule  consists  of  a  series  of  side-coupled  2-gap 
drift  tube  linac  (DTL)  cavities  with  the  quadrupole 
magnets  of  the  FODO  lattice  located  between  them.  The 
focusing  lattice  begins  with  a  period  of  8-flA,  to  match  the 
beam  from  the  RFQ  and  transitions  to  9- (3  A,  at  9  MeV  to 
provide  additional  space  for  the  quadrupole  magnets  and 
beam  diagnostics.  Module  two  is  made  up  of  DTL 
cavities  with  two  drift  tubes,  forming  a  series  of  three-gap 
cavities  connected  by  coupling  cells.  Modules  3  to  6 
consist  of  two-cavity,  two-gap  segments.  To  maintain 
strong  transverse  focusing,  the  quadrupole  magnets[7]  in 
the  FODO  lattice  continue  with  the  same  9-PA  periodicity. 
The  first  module  is  energised  by  a  single  1-MW  klystron. 
The  other  five  supermodules  are  energised  by  up  to  five 
klystrons. 

2.1.4  Coupled  Cavity  Linac 

The  CCL  is  composed  of  five  supermodules  spanning  a 
length  of  110.4  m.  Each  is  made  up  of  a  string  of  seven¬ 
cell  segments  side-coupled  to  form  a  single  resonant 
structure  energised  by  up  to  seven  1-MW  klystrons.  The 
singlet  9-PA  FODO  lattice  is  continued  throughout  the 
CCL. 

2.2  Superconducting  High  Energy  Linac 

The  superconducting  cavities  of  the  HE  linac  are 
contained  in  cryomodules  that  provide  the  thermal 
insulation  and  connection  to  the  cryogenics  system  to 
maintain  the  cavities  at  their  operating  temperature  of  2.15 
K.  The  FODO  lattice  of  the  LE  linac  transitions  to  a 
doublet  lattice  in  the  HE  linac.  The  normal-conducting 
quadrupole  magnets[8]  are  located  in  the  warm  regions 
between  the  cryomodules.  To  improve  the  match  from  the 
LE  linac,  the  first  six  cryomodules  in  the  medium- [3 
section  contain  two  cavities  each,  providing  a  relatively 
short  4.877-m  focusing  period.  The  remaining  30 
cryomodules  in  the  medium-P  section  contain  three 
cavities  each,  with  a  longer  6.181-m  focusing  period. 
Each  cryomodule  in  the  medium-P  section  is  powered  by 
a  single  1-MW  klystron.  Each  cavity  is  fed  by  a  pair  of 
RF  power  couplers,  so  that  the  RF  power  from  each 
klystron  is  divided  by  four  or  six,  with  up  to  210  kW  per 
coupler. 

The  high-p  section  is  a  series  of  four-cavity  cryo¬ 
modules  with  the  room  temperature  quadrupole  magnets 
in  the  warm  regions  between  the  cryomodules  continuing 
the  doublet  lattice  with  a  period  of  8.540  m.  The  quantity 
of  cryomodules  in  this  section  is  determined  by  the 
ultimate  proton  beam  energy  needed  to  achieve  the 
production  requirements  of  the  APT  plant.  This  can  range 


from  35  cryomodules  at  1030  MeV  to  77  at  1700  MeV. 
Each  high-P  cryomodule  is  powered  by  two  700-  MHz 
klystrons.  The  power  is  divided  equally  between  two 
cavities,  and  again  by  two  to  feed  the  two  power  couplers 
on  each  cavity.  Figure  2  depicts  the  tunnel  in  the 
medium-P  section  of  the  high  energy  linac,  showing  the 
RF  power  splitting  to  the  three-cavity  cryomodules  and 
the  quadrupole  doublets  between  the  cryomodules. 


Figure  2:  HE  linac  tunnel  section. 


2.3  High  Energy  Beam  Transport 

The  doublet  lattice  of  the  HE  linac  is  continued  along  the 
transport  line  of  the  HEBT.  A  beam  stop  capable  of 
handling  2%  of  the  beam  power  is  located  at  the  end  of 
the  beam  transport  line.  It  is  used  during  commissioning, 
start  up,  and  tuning  of  the  accelerator.  A  45°  bend  in  the 
switchyard  directs  the  beam  from  this  beam  stop  to  the 
target/blanket  assembly.  The  beam  is  expanded  onto  the 
target  by  a  beam  raster  system[9],  which  sweeps  the  beam 
uniformly  over  the  19-cm  wide  by  190-cm  high  tungsten 
target. 

2.4  RF  Power  Systems 

Three  1.2-MW,  350-MHz  klystrons  are  used  to  energise 
the  RFQ.  Only  two  are  required  to  accelerate  the  beam  in 
the  RFQ;  the  third  is  a  spare  so  that  the  linac  can  continue 
to  operate  if  one  of  the  350-MHz  RF  power  systems  fails. 
The  power  from  each  klystron  is  split  by  four,  feeding 
twelve  iris  couplers  in  the  RFQ  cavity. 

The  supermodules  in  the  LE  linac  and  the 
superconducting  cavities  in  the  HE  linac  are  powered  by 
1-MW,  700-MHz  klystrons.  There  are  52  klystrons  in  the 
LE  linac,  36  klystrons  in  the  medium-P  section  of  the  HE 
linac,  and  up  to  154  klystrons  in  the  high-P  section  of  the 
HE  linac. 

The  architecture  of  the  APT  linac  is  configured  so  that 
the  failure  of  an  RF  power  system  does  not  result  in  the 
loss  of  production  of  tritium  while  it  is  being  repaired.  [10] 
The  supermodules  in  the  LE  linac,  except  for  the  first 
supermodule  of  the  CCDTL,  are  fed  by  one  more  klystron 
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than  is  required  to  accelerate  the  beam.  Should  one  of  the 
RF  systems  that  feed  these  supermodules  fail,  it  is  isolated 
from  the  supermodule  and  the  RF  power  output  from  the 
remaining  operating  klystrons  is  increased  to  compensate 
for  the  RF  power  lost  from  the  failed  klystron.  The  first 
supermodule  is  fed  by  a  single  klystron,  with  a  standby 
unit  that  can  be  switched  in,  if  necessary.  The  RF  power 
systems  for  the  HE  linac  will  normally  be  operated  at  a 


cryomodule  to  this  distribution  line.  The  distribution  line 
is  supplied  by  a  cryogenics  plant  where  multiple,  semi¬ 
independent  helium  refrigerators  provide  the  closed-loop 
helium  cooling.  Each  refrigerator  contains  a  4-K  coldbox 
using  gas-bearing  turbine  expanders,  a  2-K  coldbox  with 
cold  compressors  to  generate  the  sub-atmospheric 
conditions  within  the  cryomodule,  warm  helium 
compressors  for  gas  compression,  liquid  and  gas  storage, 
and  appropriate  instrumentation  and  controls. 


Figure  3:  Portion  of  klystron  gallery  and  tunnel  showing  various  RF  layouts  along  linac. 


reduced  power  level,  so  that  if  one  fails,  the  affected 
cavity  is  detuned  and  the  power  from  adjacent  RF  systems 
is  increased  to  make  up  for  the  failed  system.  The  RF 
power  systems  in  the  medium-P  section  normally  operate 
at  91%  of  their  rated  power  and  95%  in  the  high-P  section. 
Figure  3  shows  a  portion  of  the  klystron  gallery  and  tunnel 
with  layouts  for  the  RFQ,  the  start  of  the  CCDTL,  and  a 
two-cavity  cryomodule. 

2.5  Cryogenic  System 

The  cryogenic  system  supplies  helium  cooling  to  maintain 
the  niobium  cavities  at  2.15  K.  It  will  provide 
approximately  15  kW  of  refrigeration  at  2.15  K  for  the 
superconducting  RF  cavities  and  approximately  50  kW  of 
refrigeration  between  5  K  and  30  K  for  the  thermal 
intercepts  on  the  RF  power  couplers  and  thermal  shields  in 
the  cryomodules  and  the  cryo-distribution  system.  There  is 
a  cryogenic  distribution  line  containing  two  sets  of  supply 
and  return  lines  that  runs  the  length  of  the  HE  linac.  Sets 
of  four  U-tube  transfer  lines  connect  each 
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Abstract 

In  preparation  for  the  fabrication  of  the  coupled-cavity  drift 
tube  linacfl]  portion  of  the  Low-Energy  Demonstration 
Accelerator^]  for  the  Accelerator  Production  of  Tritium[3] 
project,  the  effects  of  coupling  slots/irises  have  been 
measured  and  compared  to  theoretical  calculations.  A 
number  of  multi-cavity  cold  models  have  been  constructed 
corresponding  to  various  sections  of  the  coupled-cavity 
drift  tube  linac.  These  models  have  been  used  to  measure 
the  average  cavity  to  cavity  coupling,  the  frequency  effects 
of  the  cavity  to  cavity  coupling  slots,  the  coupling  into 
the  cavity  structures  from  a  waveguide  through  an  iris,  and 
the  effect  of  the  iris  on  the  frequency  of  the  cavity  being 
driven.  The  results  of  these  measurements  have  been 
compared  to  the  theoretical  values.  The  effect  of  a 
shorting  plate  placed  in  one  of  the  feed  waveguides  was 
also  investigated.  This  was  used  to  approximate  the 
position  of  a  closed  vacuum  valve  which  would  be  used  in 
the  event  of  a  vacuum  window  failure. 

1  INTRODUCTION 

In  preparation  for  the  fabrication  of  the  coupled-cavity  drift 
tube  linac  (CCDTL)[1]  portion  of  the  Low-Energy 
Demonstration  Accelerator  (LEDA)[2]  for  the  Accelerator 
Production  of  Tritium  (APT)[3]  project,  the  effects  of 
coupling  slots/irises  have  been  measured  and  compared  to 
theoretical  calculations.  The  LEDA  CCDTL  accelerates  a 
100  mA  CW  proton  beam  from  6.7  MeV  to  10.05  MeV. 
The  structure  contains  48  two-gap  accelerating  cavities, 
two  types  of  coupling  cavities,  and  seven  bridge  couplers. 
The  power  from  a  single  klystron  will  be  split  four  ways 
to  drive  four  of  the  bridge  couplers  through  appropriately 
sized  irises.  In  later  sections  of  the  APT  accelerator,  the 
drive  irises  will  be  placed  in  the  accelerating  cavities. 

To  efficiently  fabricate  a  large  accelerator,  it  is 
important  that  the  initial  machining  of  the  cavities  be  as 
close  as  possible  to  the  desired  final  configuration  without 
overshooting.  In  order  to  accomplish  this,  one  must  be 
able  to  predict  the  frequencies  of  the  individual  cells,  the 
cell  to  cell  coupling,  and  the  feed  iris  coupling.  To  first 
order,  the  frequencies  of  the  cells  can  be  predicted  using 
SUPERFISH[4],  but  without  accounting  for  the  effects  of 
the  coupling  slots,  the  resultant  fabricated  cavity  will  be 
too  low  in  frequency.  If  the  coupling  can  be  predicted 
accurately,  then  the  coupling  slots  between  cavities  can  be 


fully  cut  during  the  initial  machining  and  will  not  have  to 
be  touched  during  the  tuning  procedure.  This  could 
potentially  save  a  substantial  amount  of  time.  The  goal 
of  this  work  was  to  develop  and  verify  a  method  of 
predicting  these  effects. 

A  number  of  multi-cavity  cold  models  have  been 
constructed  corresponding  to  various  sections  of  the 
CCDTL.  These  models  have  been  used  to  measure  the 
average  cavity  to  cavity  coupling  using  the  program 
DISPER[5],  the  frequency  effects  of  the  cavity  to  cavity 
coupling  slots,  the  coupling  into  the  cavity  structures 
from  a  waveguide  through  an  iris,  and  the  effect  of  the  iris 
on  the  frequency  of  the  cavity  being  driven.  The  results  of 
these  measurements  have  been  compared  to  formulas  for 
the  coupling  and  frequency  effects  based  upon  those 
derived  by  J.  Gao[6],[7].  The  amount  of  agreement 
between  calculated  and  measured  was  mixed,  with  the 
largest  disagreement  occurring  in  the  numbers  for  the 
coupling  between  the  waveguide  and  cavity  structure. 

The  effect  of  a  shorting  plate  placed  in  one  of  the  feed 
waveguides  was  also  investigated.  This  was  used  to 
approximate  the  position  of  a  closed  vacuum  valve  which 
would  be  used  in  the  event  of  a  vacuum  window  failure. 
The  positions  of  zero  frequency  effect  on  the  cavity 
structure  and  minimum  power  loss  on  the  shorting  plate 
were  found.  Appropriate  positioning  of  the  vacuum  valve 
will  properly  terminate  the  unusable  port  from  the  cavity 
point  of  view,  thus  allowing  the  accelerator  to  continue 
operation  even  in  the  event  of  a  vacuum  window  failure, 
although  driving  only  three  of  the  four  ports. 

In  the  next  section,  the  cavity  to  cavity  coupling 
measurements  will  be  discussed  along  with  the  frequency 
effects  of  the  cavity  to  cavity  slots.  In  Section  3,  the 
waveguide  to  cavity  coupling  measurements  will  be 
discussed  and  compared  to  the  theory.  The  shorting  plate 
will  be  covered  in  Section  4. 

2  CAVITY  TO  CAVITY  COUPLING 

The  coupling  between  cavities  has  been  measured  for  a 
number  of  cold  models  corresponding  to  different  locations 
in  LEDA.  These  measurements  have  provided  both  the 
cavity  to  cavity  coupling  and  the  frequency  effect  of  the 
slots. 

The  frequency  effects  have  been  measured  by  starting 
with  an  accelerating  cavity  which  has  no  coupling  slots. 
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The  slots  were  then  opened  in  steps  until  a  little  past  the 
point  where  the  desired  coupling  was  reached.  The 
coupling  at  each  step  was  also  derived.  The  average 
coupling  value  was  arrived  at  by  measuring  the  frequencies 
of  the  structure  resonances.  These  frequencies  were  used 
to  calculate  the  nearest  neighbor  coupling. 

The  numbers  so  obtained  have  been  compared  to  values 
calculated  using  the  following  formulas. 
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where  km  and  ke  are  the  magnetic  and  electric  coupling 
respectively,  p.0  and  e0  are  the  permeability  and 
permittivity  of  free  space,  e0  =  (l-w2/L2)1/2,  ‘w’  is  the  slot 
half-width,  ‘L’  is  the  slot  half-length,  Hac,  Eac,  Hcc  and  Ecc 
are  the  magnetic  and  electric  fields  at  the  slot  position  in 
the  accelerating  and  coupling  cavities,  K(e0)  and  E(eo)  are 
complete  elliptic  integrals  of  the  first  and  second  kind,  Uac 
and  Ucc  are  the  stored  energy  in  the  accelerating  and 
coupling  cavities,  aH  and  aE  are  the  TM  and  TE  cutoff 
waveguide  decay  factors  of  the  slot,  ‘t’  is  the  thickness  of 
the  slot,  8fac  is  the  frequency  change  in  the  accelerating 
cavity  due  to  the  slot  and  ‘f  is  the  initial  frequency  of  the 
cavity  before  slots  are  introduced.  If  cc  is  substituted  for 
ac  (and  vice  verse)  in  the  8f  equation,  one  obtains  the 
frequency  change  in  the  coupling  cavity.  These  equations 
are  derived  assuming  an  elliptical  slot,  and  the  field  values 
which  are  intended  to  be  used  are  at  the  center  of  the  slot. 
In  the  LEDA  CCDTL,  the  slots  are  not  elliptical  in 
shape.  They  are  approximately  a  semi-ellipse  but  with 
very  rounded  comers  at  the  equator.  We  have  not 
attempted  to  fit  the  actual  shape  to  an  equivalent  ellipse. 
As  a  result  of  the  odd  shape,  the  slot  length  and  field 
strength  to  be  used  in  the  formulae  are  somewhat 
ambiguous.  There  is  insufficient  space  in  the  present 
paper  to  describe  how  the  slot  length  is  chosen  and  from 
which  location  the  field  strength  is  taken. 

Figures  1  and  2  show  a  comparison  between  the 
measurements  performed  on  one  of  the  cold  models  and 
the  anticipated  values  as  calculated  from  Eqs.  1,  2  and  3. 
The  coupling  factor  shows  very  close  agreement  except  for 
the  first  point.  The  first  point  represents  a  “knife-edge” 
slot  of  zero  thickness.  In  reality,  this  slot  has  some  finite 
thickness  which  was  not  accounted  for  in  the  calculations. 
The  target  coupling  in  the  design  is- 5%.  On  all  of  the 
cold  models,  the  prediction  of  the  coupling  factor  has  been 
very  good.  On  the  other  hand,  as  can  be  seen  in  Fig.  2, 
the  prediction  of  the  frequency  effect  of  the  slot  is  not 


quite  as  good.  The  discrepancy  is  manageable,  but  it  is 
preferable  to  have  better  agreement.  A  large  portion  of  the 
discrepancy  is  probably  due  to  the  choice  of  field  strength. 
With  a  different  choice  of  field  strength,  the  predicted 
frequency  effect  can  be  brought  to  within  a  few  percent  of 
the  measured  values  while  still  keeping  the  coupling 
factor  values  within  a  percent  or  two. 


Slot  Length  (cm) 


Figure  1.  A  comparison  of  the  calculated  and  measured 
coupling  factor  as  a  function  of  slot  length  for  one  of  the 
cold  models. 


Slot  Length  (cm) 


Figure  2.  A  comparison  of  the  calculated  and  measured 
frequency  change,  in  an  accelerating  cavity,  due  to  the  slot 
as  a  function  of  length. 

3  WAVEGUIDE  TO  CAVITY  IRIS 

The  waveguide  to  cavity  coupling  has  been  treated  in  a 
manner  similar  to  the  cavity  to  cavity  coupling.  Except 
in  this  case,  the  coupling  factor  can  be  measured  directly 
in  an  easy  and  straight  forward  way.  The  effects  of  the 
waveguide  input  iris  have  been  measured  on  three  different 
models.  The  results  between  the  three  models  have  been 
similar.  The  equations  used  to  predict  the  coupling  and 
frequency  effect  are: 
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where  P  is  the  input  coupling  factor,  ‘a’  and  ‘b’  are  the 
width  and  height  of  the  feed  waveguide  at  the  iris,  X  is  the 
free  space  wavelength  of  the  input  signal,  Xc  is  the 
waveguide  cutoff  wavelength,  x  is  nominally  3,  Hirjs  is  the 
field  at  the  iris,  Q0  is  the  unloaded  quality  factor  for  the 
accelerating  structure,  U10t  is  the  total  stored  energy  in  the 
accelerating  structure,  Ucav  is  the  stored  energy  in  the 
cavity  containing  the  iris,  and  all  others  are  as  before. 

The  measurements  and  predicted  values  of  the  input 
coupling  and  the  frequency  change  as  a  function  of  iris 
length  are  shown  together  in  Figure  3  for  one  of  the  cold 
models.  The  predicted  coupling  was  adjusted  to  fit  to  the 
experimental  data  by  varying  ‘x’  in  Eq.  4.  The  best  fit 
was  given  by  x=3.115. 

Since  the  iris  has  a  relatively  large  aspect  ratio  and  is 
generally  rectangular  in  shape,  it  was  easier  in  this  case  to 
generate  an  equivalent  ellipse  for  the  calculations 
performed.  The  equivalent  ellipse  possessed  the  same 
length  as  the  iris.  The  width  was  increased  in  order  to 
achieve  equal  areas  between  the  equivalent  ellipse  and  the 
actual  slot. 


placed,  it  will  have  negligible  effect  on  the  structure 
frequency  and  will  have  a  minimal  amount  of  dissipated 
energy  on  its  surface.  If  it  is  inappropriately  placed,  it 
will  have  a  significant  effect  on  the  frequency  and  will 
have  substantial  power  dissipated  on  its  surface. 

Conventional  impedance  matching  theory  places  the 
short  circuit  one  quarter  of  a  guide  wavelength  (or  an  odd 
multiple  thereof)  from  the  cavity’s  virtual  short  position. 
If  the  short  is  placed  at  such  a  position,  the  cavity  will 
not  ‘see’  it. 

The  measurements  determined  the  cavity’s  virtual  short 
position  to  be  about  2.54  cm  inside  the  waveguide 
measured  from  the  outer  surface  of  the  iris.  The  position 
proved  to  be  insensitive  to  the  size  of  the  iris.  If  the  short 
is  placed  one  quarter  of  a  guide  wavelength  from  this  point 
there  will  be  no  stored  energy  in  the  waveguide  arm  and 
hence  the  power  dissipation  will  be  minimized.  However, 
this  is  not  the  point  of  zero  frequency  effect.  The  point  of 
zero  frequency  effect  occurs  about  1.25  cm  farther  back 
into  the  waveguide.  The  position  of  this  point  is  also 
insensitive  to  iris  size  over  a  coupling  range  from  about 
0.5  to  about  2.0. 

Since  zero  frequency  effect  is  most  important  to  proper 
accelerator  operation,  the  valve  will  be  place  at  this 
position.  Fortunately,  the  power  dissipation  changes  very 
slowly  between  the  minimum  power  point  and  this 
position  so  that  it  remains  acceptably  low.  The  tolerance 
on  the  valve  position  was  found  to  be  plus/minus  2.54 
cm  in  order  to  keep  the  resonant  frequency  within  15  kHz 
of  nominal. 


a 

n> 


3) 


2 

SC 


Figure  3.  Measured  and  predicted  input  coupling  and 
frequency  effects  as  a  function  of  the  input  iris  length. 

4  VALVE/SHORT  POSITION 

Due  to  the  desire  to  keep  operating  in  the  event  of  an  RF 
vacuum  window  failure,  a  vacuum  valve  needs  to  be 
placed  between  the  vacuum  window  and  the  input  iris. 
This  valve,  when  closed,  will  present  an  RF  short  circuit 
in  the  iris  feed  arm.  If  this  short  circuit  is  appropriately 


5  SUMMARY 

Due  to  the  good  agreement  between  the  measured  and 
calculated  coupling,  the  slot  sizes  can  be  included  in  the 
accelerator  design  calculations.  At  this  point,  accurate 
incorporation  of  the  frequency  effects  will  require  use  of  an 
emperically  determined  factor  with  the  formula. 
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Abstract 

As  part  of  the  APT  project,  the  Coupled-Cavity  Drift 
Tube  LINAC  (CCDTL)  and  Coupled-Cavity  LINAC 
(CCL)  designs  are  being  developed.!  1]  These  structures 
contain  341  cavity  segments  in  11  different  modules.  This 
configuration  accelerates  a  proton  beam  from  6.7  MeV  to 
211  MeV.  Because  of  the  number  of  individualized 
cavity  arrangements,  an  automation  design  process  is 
being  developed.  This  paper  discusses  the  methods  of 
design  automation  using  Pro-Engineer®  as  well  as 
programs  required  to  feed  the  Pro-Engineer®  drawing 
generation  process.  Such  programs  include  SUPERFISH, 
where  cavity  parameters  are  obtained,  as  well  as 
programmed  analytical  methods  used  to  define  cavity 
dimensions  that  produce  the  desired  level  of  coupling  and 
7t/2  mode  frequency.  To  compute  the  coupling,  a  method 
developed  by  J.  Gao  [2]  has  been  used 

I  INTRODUCTION 

The  Los  Alamos  Nation  Laboratory  has  had  good  success 
predicting  coupling  in  the  CCDTL  using  the  J.  Gao[2] 
method.  Using  that  as  a  bases  and  extending  to  automate 
the  CCL  and  later  the  CCDTL  design,  significant  progress 
with  design  automation  has  been  achieved.  Automated 
design  methods  are  being  applied  to  the  first  half-size 
CCL  cold  model.  To  date,  automated  CCL  coupling  slot 
geometry  calculation  methods  have  been  verified,  CCDTL 
calculations  will  start  in  FY99.  The  specific  computer 
code  developed  for  automated  design  is  CCT  -  Coupled- 
Cavity  Tuning  code. 

2  MECHANICAL  DESIGN  AUTOMATION 

To  guarantee  success  with  the  APT  Low  Energy  LINAC 
design,  two  design  approaches  have  been  incorporated 
into  the  design  process.  The  first  approach  is  the  full 
automation  of  the  design  process  by  the  use  of  digital 
computer  codes.  The  other  approach,  a  more  traditional 
approach,  uses  linear  extrapolation  from  cold  model  data. 
The  process  flow  diagram  for  the  design  program  is 
shown  in  Figure  1.  In  Figure  1,  code  development  is 
performed  and  validated  by  the  use  of  cold  models  and 
other  analyses.  If  the  validation  is  successful,  design  by 
code  is  performed.  If 


*  -  Work  supported  by  the  US  DOE  under  the  APT  Program. 


Figure  1.  Low  Energy  LINAC  design  process  flow  chart 
encompassing  full  automation  and  use  of  cold  models. 

the  validation  is  not  successful,  schedule  and  funding  are 
not  lost.  Since  code  validation  requires  the  use  of  cold 
models,  the  same  cold  models  would  be  required  for  use 
in  the  non-fully  automated  process.  Additionally,  parts  of 
the  automation  code  that  can  be  validated  would  still  be 
used.  This  process,  therefore,  achieves  an  effective  cost 
and  schedule  implementation  of  the  design  process. 

2.1  Coupling  Slot  Length,  Width  and  Depth 

In  order  to  automate  design,  an  analytic  formula  for 
calculating  coupling  cavity  to  accelerating  cavity  slot  size 
is  needed.  Such  a  formula  has  been  developed.  The 
equations  allow  for  mechanical  manipulation  of  the 
coupling  cavity  relative  to  the  on-axis  cavity  for  digital 
processing.  Solved  coupling  cavity  characteristics  are 
cavity  size,  coupling-slot  size,  determination  of  the 
coupling  coefficients  and  cavity  frequency  shifts  due  to 
the  coupling  slots.  Once  determined,  the  above 
parameters  are  used  to  iterate  coupling  and  cavity 
parameters  to  allow  for  optimization  of  the  design  based 
on  desired  coupling  and  7C/2  mode  frequency.  An  example 
of  a  slot  formed  by  the  overlap  (insertion  depth)  of  the 
CCL  coupling  cavity  and  accelerating  cavity  is  shown  in 
Figure  2.  Equations  for  calculating  as  a  function  of 
insertion  depth  are  shown  below. 

2.1.1  Coupling  Slot  Length 

From  Figure  2,  sample  equations  developed  for 
calculating  slot  length  are  shown  below.  In  these 
equations,  slot  length  is  determined  by  the  interaction  of 
two  circles  (one  centered  on  the  coupling  cavity  centerline 
and  the  other  centered  on  the  accelerating  cavity 
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centerline).  The  radii  of  these  circles  are  determined  at 
the  insertion  height  where  the  coupling  cavity  and 
accelerating  cavities  have  zero  insertion  height,  refer  to 
Figure  2 

Zero 

Insertion  y 


and  Cai  is  the  center  to  center  distance  between  the 
coupling  cavity  and  accelerating  cavity.  CH  in  the 
equations,  represents  a  chamfer  around  the  periphery  of 
the  slot,  shown  in  Figure  4..  Results  in  Table  1  are  shown 
in  Figure  3. 


mm 

Insertion  Depth,  (mm) 


Figure  3.  Slot  length  versus  cavity  insertion  depth. 

2.1.2  Coupling  Slot  Width  and  Depth 

Coupling  slot  width  is  derived  from  Figure  4. 


Figure  2.  Accelerating  cavity  to  coupling  cavity 
geometry. 
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-  (R  E  -  R  F )  ,  (C  -  H , ) 

(4) 

Xi  2(C  -Hi)  2 

Xj  =  2[(Rp -y2)]05]  +  2CH 

(5) 

C^C.-Hp 

(6) 

Cavity 


Typical  slot  lengths  are  shown  in  Table  1. 


Item 

H, 

(mm) 

yi 

(mm) 

Xl 

(mm) 

r  ■ 

(mm) 

1 

5.08 

155.854 

55.728 

259.893 

2 

10.16 

153.848 

76.276 

254.813 

3 

15.24 

151.841 

91.796 

249.733 

4 

20.32 

149.860 

104.623 

244.653 

5 

25.40 

147.904 

115.697 

239.573 

Table  1.  Coupling  slot  length  versus  coupling  cavity 
insertion  depth. 

In  Table  1,  Item  is  the  case  number,  H,  is  the  coupling 
cavity  to  accelerating  cavity  insertion  depth,  y,  is  the 
height  of  the  slot  centerline  relative  to  the  beam  centerline 


Figure  4.  View  looking  at  the  center  of  a  typical  CCL 
cloupling  slot  cross  section  showing  slot  width. 

In  the  above,  coupling  slot  width  is  geometrically  defined 
as  the  diagonal  of  two  intersecting  cavities  at  the  center  of 
the  slot  in  cross  section.  In  equation  form,  this  statement 
is  represented  by 


X  = 

•r*rnaxj 


H+a2-^)05] 

2m; 


(7) 


X. 


Hi  -(1,  -4mini)  ] 

2m , 


(8) 
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YmaXi=[R^-(XmaXi-a)2]05+bi  (9) 

YjniB.  =[Tp  -(Xmillj  —a)2]05  +bj  (10) 

W.^KX^-X^)2 (ID 
•••-Yraini)2]°-5+2CH 

Slot  depth  is 


Dj  —  (Ycc  Yoc  )Cos(0()  (12) 


where 


(Y  -Y  ■  ) 

©rr,  -1  r v  max,  min,  ' , 

,  =  Tan  [ - 1 - — ] 

X  —X  ) 

maXj  *  v  mini  ' 


(13) 


In  the  solution  of  these  equations,  1,  is  the  second 
Bernoulli  term,  m  is  the  first  Bernoulli  term  and  n  is  the 
third  Bernoulli  term  of  a  solved  set  of  second  order 
equations.  RD  is  the  coupling  cavity  radius  and  b  equals 
C-HB-H,  from  Figure  4.  YCC  and  YOC  are  vertical 
distances  from  the  horizontal  beam  axis  to  the  coupling 
cavity  and  on-axis  cavity  intersection  at  the  extreme  end 
of  the  slot.  A  sample  of  slot  size  versus  insertion  depth  is 
shown  in  Figure  5. 


*41.914368  j 

E 

E 

I  Width  .-HI— 

1  mm 

o 

t/j 

^4.034342  a 

JO. 000036  ^  in  ^.524968 

H .  ^ 

1  mm 

Insertion  Depth,  (mm) 

Figure  5.  Prototypic  CCL  coupling  slot  width. 

Determination  of  cavity  geometries  with  the  above 
equations  follows  the  following  general  flow  of 
information:  SUPERFISH  is  used  to  generate  initial 
cavity  data.  CCT  then  reads  the  SUPERFISH  input  and 
output  files  and  calculates  the  slot  configuration.  If  either 
the  final  cavity  frequency  and/or  coupling  coefficient  are 
off,  the  cavity  geometry  is  adjusted  and  the  process  is 
repeated.  This  process  continues  until  cavity  frequency 
and  coupling  are  achieved.  Output  results  are  then 
calculated  for  ambient  68  °F  conditions  and  fed  to 
automated  Pro-Engineer®  drafting  programs  for  cavity 
design. 


3  PHYSICS  AUTOMATION 


There  are  two  areas  that  deserve  mention  for  the  physics 
automation  process.  These  areas  are  frequency  shift  due 
to  coupling  and  coupling  coefficient  [1],  To  automate  the 
mechanical  accelerator  design  process,  the  mechanical 
computer  code  integrates  the  physics  design  calculations. 
For  the  frequency  shift  due  to  the  coupling  slots,  the 
frequency  shift  is 


My)3eXl 

[k2(K(e0)i-E(e0)1)U1] 


Af  =  k,f0 


(14) 


Where: 


Af  =  Change  in  frequency  due  to 
coupling  slots 

f0  =  Unperturbed  frequency  of  the 

cavity 

ji0  =  Permeability  of  free  space 

xi  =  Length  of  the  coupling  slot 

e„  =  [l-(x/W,)T 

H,  =  Unperturbed  field  in  on-axis  cavity 
K(e0),E(e0)  =  Complete  elliptic  integral  of 
the  first  and  second  kind 
U,  =  Unperturbed  stored  energy  in  on- 
axis  cavity 

kl  =  Constant  determined  from  cold 

model  testing 

k2  =  12  for  cavities  with  two  coupling 

slots  and  6  for  one  coupling  slot 


For  Coupling 


= _ A _ ]e-s°i 

SiKic,),-  E(e0)i]Vu^7 


(16) 

and  Hc  =  Unperturbed  field  in  the  coupling 

cavity 

Uc  =  Unperturbed  stored  energy  in  the 
coupling  cavity 

q  =  Attenuation  coefficient  of  the  slot 
considered  as  a  waveguide. 
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Abstract 

The  700-MHz  room  temperature  Low  Energy  (LE)  Linac 
for  the  Accelerator  Production  of  Tritium  (APT)  facility 
employs  three  different  types  of  Coupled  Cavity  Drift 
Tube  Linac  (CCDTL)  structures  to  accelerate  a  100  mA 
cw  proton  beam  from  6.7  MeV  to  96.9  MeV  and  two 
different  types  of  side  Coupled  Cavity  Linac  (CCL) 
structures  to  accelerate  the  beam  from  96.7  MeV  to  211 
MeV  [1,2,3].  Focusing  of  the  beam  is  done  with 
quadrupole  electromagnets  located  between  the  segments 
of  the  accelerating  structures  in  a  FODO  lattice.  Since  the 
longitudinal  space  available  for  the  magnets  is  severely 
limited,  the  ratio  of  the  magnet  core  length  to  the  bore 
diameter  varies  over  the  range  from  0.9  to  1.4.  The  pole 
tips  have  been  designed  with  3-D  finite  element  modeling 
to  keep  total  field  harmonics  less  than  1%  of  the 
quadrupole  component  within  3A  of  the  beam  tube 
aperture.  In  this  paper,  we  present  the  physics  parameters, 
detailed  design,  and  some  magnetic  measurements  of  the 
prototypes  for  the  two  of  the  quadrupole  magnet  designs. 

1  INTRODUCTION 

There  are  11  modules  in  the  LE  Linac;  6  CCDTL 
structures  and  5  CCL  structures.  The  beam  tube  diameter 
increase  gradually  from  2.0  cm  to  6.0  cm  in  six  stages. 
Four  quadrupole  magnet  designs  have  been  developed  for 
these  six  beam  tube  sizes.  These  magnets  are  identified  as 
CCDTL- 1,  CCDTL-2,  CCL-1  and  CCL-2  although 
magnet  CCDTL-2  is  also  used  in  the  first  sections  of  the 
CCL.  Table  1  presents  the  magnet  requirements  and 
quantities  for  the  LE  Linac. 

The  quadrupole  magnets  are  located  between  the 
segments  of  the  accelerating  structures  in  a  FODO  lattice. 
The  physical  envelope  of  the  quadrupoles  and  the 
integrated  strength,  i.e.  the  gradient-length  product  (GL) 
was  determined  by  the  beam  optics  design  and  by 
constrains  of  available  insertion  length,  interface  with 
vacuum  chambers  and  flanges,  and  the  vertical  space 
envelope  defined  by  the  coupling  cells  between 
accelerating  cavities.  The  severely  limited  longitudinal 
space  envelope  between  the  cavities  prevents  the  use  of 
dedicated  steering  magnets.  The  apertures  of  the 


quadrupoles  are  designed  to  allow  sufficient  radial 
clearance  with  respect  to  the  vacuum  beam  tube  to  allow 
translation  of  the  magnets  horizontally  and  vertically 
which  provides  beam  steering.  This  approach  was  chosen 
both  to  avoid  dipole  windings,  which  introduce  significant 
sextupole  fields,  and  to  obtain  the  maximum  cross- 
sectional  area  for  the  quadrupole  windings. 


Table  1: 

Magnet  Rec 

uirements  for  LE  Linac  Modules 

Module 

Magnet 

Quantity 

GL _ (T) 

GL„,„(T) 

1 

CCDTL-1 

49 

2.625 

2.344 

2 

CCDTL-1 

57 

2.332 

2.332 

3 

CCDTL-1 

32 

2.332 

2.063 

CCDTL-2 

11 

2.055 

1.985 

4 

CCDTL-2 

32 

1.978 

1.795 

5 

CCDTL-2 

34 

1.790 

1.639 

6 

CCDTL-2 

28 

1.635 

1.538 

7 

CCDTL-2 

18 

1.538 

1.538 

8 

CCDTL-2 

19 

1.538 

1.499 

9 

CCDTL-2 

3 

1.496 

1.489 

CCL-1 

18 

1.486 

1.434 

10 

CCL-1 

7 

1.431 

1.413 

CCL-2 

14 

1.410 

1.373 

11 

CCL-2 

20 

1.370 

1.200 

2  DESIGN  AND  ANALYSIS 

The  very  short  length  of  the  iron  quadrupole  core 
compared  to  the  required  pole  tip  diameter,  especially  for 
the  CCL-1  and  CCL-2  quadrupoles,  where  the  iron  length 
is  less  than  the  aperture  size,  makes  it  challenging  to  meet 
specified  field  uniformity  requirements.  The  vertical 
dimensions  are  also  restricted  limiting  the  flux  return  yoke 
area  in  the  middle  of  vertical  plane.  The  transverse 
dimensions  of  all  LE  intertank  magnets  are  40  cm  wide 
and  20  cm  high  with  the  overall  insertion  length  of  the 
CCDTL-1,  CCDTL-2  and  CCL1  restricted  to  7.0  cm  and 
the  CCL-2  restricted  to  9.0  cm. 

Electromagnetic  analyses  were  performed  using  Vector 
Fields  [4]  and  Mermaid  [5]  3D  finite  element  software. 
The  pole  tip  geometry  was  optimized  to  minimize  the 
multipole  harmonics  by  gradually  flattening  a  hyperbolic 
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profile.  Earlier  designs  of  the  CCDTL-1  prototype  were 
developed  with  a  narrow  pole  tip  and  correction  bumps  on 
the  comers  to  minimize  the  higher  harmonics.  A  picture 
of  this  magnet  is  shown  in  Figure  1.  The  prototype  CCL-1 
magnet  is  shown  in  Figure  2. 


Figure  1:  Prototype  CCDTL-1  Quadrupole  Assembly 


Figure  2:  Prototype  CCL-1  Quadrupole  Assembly 


2.1  Field  Errors  and  Harmonics 

Field  errors  are  evaluated  by  obtaining  the  Fourier  series 
of  integrated  quadrupole  field  at  a  given  reference  radius 
R  and  azimuth  angles  6 : 

z  z 

\Bx(R,0)  dz  and  ]By(R,Q)-dz 
o  o 

Bt  and  B.  are  horizontal  and  vertical  components  of  the 
Field  B.  The  field  components  By  and  Bx  were  integrated 
along  the  longitudinal  axes  “z”  from  the  center  of  magnet 
out  to  z  =  4  aperture  diameters  (in  air)  from  the  edge  of 
the  pole.  Thus,  values  of  integrated  quadrupole  field  at  the 
fixed  arc  of  radius  R  represent  a  function  F(6)  in  the 
interval  [-%  <  0  <  rt].  The  azimuth  angle  0  =  0  lies  along 
the  positive  “x”  axis.  Fourier  series  generated  by  this 
function  F( 0)  is  represented  by: 

F(0)=  — +  Ik  •coskd  +  bk  -sinfc#) 

2  *=i 

The  harmonics  of  By  are  evaluated  by  the  ratios  of  An/A2, 
where  An  =  at+I,  and  A2  is  the  amplitude  of  the  quadmpole 
field.  Optimization  of  the  pole  tip  geometry  is  achieved  by 
minimizing  A6.  The  calculated  3D  harmonics  that  are 
allowed  by  symmetry  are  presented  in  Table  2  for  each  of 
the  four  magnet  designs.  The  harmonics  are  presented  a 
75%  of  the  beam  tube  radius.  Figure  3  shows  a  plot  of  the 
2D-field  distribution  for  one  quadrant  of  the  CCL-1 


magnet.  The  difference  between  the  vertical  and 
horizontal  flux  return  yokes  is  evident  in  this  figure. 


Table  2:  Harmonics  of  LE  Intertank  Quadrupoles 
3D  HARMONIC  CONTENT 


CCDTL-1 

CCDTL-2 

EM 

At  R=lcm 

AtR=1.31cm 

0.018% 

-0.25% 

igjzs 

-0.007% 

-0.013% 

-0.008% 

0.005% 

CCL-1 

CCL-2 

At  R  =  1.5  cm 

At  R  =  2.25  cm 

EJZS 

-0.15% 

-0.18% 

-0.053% 

-0.025% 

ER9I 

-0.006% 

-0.008% 

L= _ ,  _ Z _ , 

'hi///  — a1- 

if///  /  /  / 


s\ 


Figure  3:  Field  Plot  of  CCL-1  Quadrupole 
at  the  Center  of  the  Magnet 


The  results  of  magnetic  measurements  of  the  CCDTL-1 
and  CCL-1  prototypes  are  presented  in  Table  3.  The 
measurements  are  presented  at  an  excitation 
corresponding  to  the  maximum  field  given  in  Table  1.  The 
measurements  show  that  these  designs  will  meet  the 
specified  requirements.  The  measurements  for  CCDTL-1 
are  for  the  narrow  pole  design.  A  wider  pole  design  is 
presently  in  the  final  stages  of  assembly.  This  magnet  will 
be  measured  and  the  best  magnet  will  be  adopted  for  the 
final  design. 


Table  3:  Prototype  Measurements 


CCDTL-1 

CCL-1 

A7A, 

At  R  =  1  cm 

At  R  =  1.5  cm 

A,/ A, 

-0.09% 

-0.053% 

a,/ a. 

-0.05% 

-0.02% 

A,/ A, 

0.01% 

0.018% 

A./A, 

0.08% 

0.135% 

A,yA, 

-0.01% 

-0.044% 

2.2  Magnet  Core  and  Windings 

The  magnet  cores  are  constructed  in  quadrants  machined 
from  1006  Low  Carbon  Steel.  The  quadrants  are  keyed 
and  fastened  in  mid-planes  in  such  a  way  that  each 
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quadrant  is  always  in  the  same  position  with  respect  to 
geometrical  center  after  assembly  or  reassembly. 
Quadrants  are  made  out  of  prefabricated  blanks,  fastened 
together  as  a  unit,  and  the  pole  tip  profile  is  wire  EDM 
machined  on  all  four  pole  tips.  The  prefabricated  blanks 
are  identical  for  the  CCDTL-1,  CCDTL-2  and  CCL-1 
magnets.  Thus,  upon  disassembly  and  installation  of  the 
vacuum  beam  pipe  or  the  coil  windings,  the  geometrical 
and  magnetic  centers  do  not  move.  The  keys  and 
fastening  components  are  fiducials,  and  the  four  quadrants 
are  kept  as  a  set  for  a  particular  magnet.  Thus,  all 
assembly  tolerances  are  kept  to  the  minimum. 

The  magnet  and  its  support  stand  will  be  precision 
aligned  and  fiducialized  with  a  taught  wire  system  on  a 
bench  using  an  identical  mounting  system  to  that  used  in 
the  beam  line.  The  mounting  rails  will  be  pre-aligned  to 
tolerances  of  better  than  0.002”. 

Magnet  windings  are  epoxy-impregnated  structures  are 
tightly  fit  around  each  quadrant.  Electrical  and  water 
cooling  connections  are  connected  on  both  horizontal 
sides  of  the  core  due  to  the  limited  space  available. 

3.  POWER  SUPPLIES  AND  CONTROLS 

The  power  supply  requirements  were  based  on  the 
following  constraints: 

•  The  first  four  magnets  will  be  independently  powered 
to  match  the  RFQ  beam  to  the  CCDTL  lattice. 

•  Power  supplies  will  be  sized  to  energize  multiple 
magnets  using  shunts  to  provide  adjustment  between 
magnets. 

•  Power  supplies  will  not  power  magnets  in  more  than 
one  Linac  section. 

•  The  last  two  magnets  will  be  independently  powered 
to  help  match  the  LE  Linac  beam  to  the  HE  Linac 
lattice. 

In  addition  to  the  above  constraints  the  following 
assumptions  were  made: 

•  An  even  number  of  magnets  will  be  powered  by  each 
supply  whenever  possible. 

•  In  cases  where  the  magnet  excitation  is  the  identical 
for  many  sequential  magnets  within  a  given  Linac 
section,  shunts  will  be  provided  for  tuning  an  even 
number  of  magnets  (typically  4). 

In  general,  the  quadrupole  magnets  will  be  powered  in 
series  from  a  single  40  KW  dc  supplies.  There  will 
typically  be  eight  magnets  connected  to  each  supply  with 
a  by-pass  shunt  across  each  magnet.  The  shunts  will 
provide  a  5%  tuning  range  in  the  magnet  current  and 
minimizes  the  number  of  cable  runs  between  the  power 
supply  gallery  and  the  tunnel. 
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Abstract 

The  700-MHz  superconducting  High  Energy  (HE)  Linac 
in  the  Accelerator  for  the  Production  of  Tritium  (APT) 
accelerates  a  100  mA  continuous  wave  (cw)  proton  beam 
from  211  MeV  to  a  final  energy  of  up  to  1.79  GeV 
[1,2,3].  The  design  of  the  700  MHz  radio  frequency  (rf) 
cavities  has  been  optimized  for  two  beam  velocity 
intervals,  P=0.64  and  P=0.82.  Two  intertank  designs, 
medium-p  and  high-P,  have  been  developed  for  these  two 
velocity  intervals.  Three  cryomodule  designs  have  been 
developed  corresponding  to  three  different  lattice  periods 
in  the  APT  HE  Linac.  Room  temperature  quadrupole 
doublet  magnets  placed  in  the  intertank  assemblies 
between  the  cryomodules  focus  the  beam.  Each 
quadrupole  magnet  contains  additional  dipole  steering 
windings  to  correct  for  small  beam  misalignments.  The 
intertank  assembly  between  cryomodules  also  includes 
beam  diagnostic  instrumentation,  the  interconnecting 
beam  pipe,  flanges,  and  the  vacuum  interface.  This  paper 
presents  the  physics  parameters,  the  results  of  3-D 
magnetic  field  calculations,  and  the  detailed  design  of  the 
quadrupoles  and  the  associated  intertank  assemblies  for 
the  medium-p  and  high-P  sections  of  the  HE  Linac. 

1  INTRODUCTION 

The  HE  intertank  focusing  (QF)  and  defocusing  (QD) 
quadrupoles  in  the  high-p  and  medium-p  sections  are 
designed  to  satisfy  the  following  requirements: 

•  To  fit  into  the  “warm  section”  between  cryomodules 
with  the  same  beam  tube  ID  as  the  cryomodules; 

•  To  be  mounted  as  a  unit,  QF  and  QD,  as  a  doublet; 

•  To  provide  for  transverse  and  longitudinal  beam 
centroid  diagnostics  (beam  position  and  beam  phase 
monitors); 

•  To  allow  space  for  “special”  diagnostics  and  other 
instrumentation  (e.g.  beam  profile  monitors); 

•  To  have  the  Steering  Dipole  Correction  Coils  in 
horizontal  and  vertical  planes. 

The  conceptual  design  of  the  APT  utilized  a  FODO 
lattice  throughout  the  accelerator  with  superconducting 
quadrupoles  located  within  the  cryomodules  [4,5].  The 
HE  Linac  was  changed  to  a  doublet  lattice,  and  the 
quadrupoles  were  moved  to  the  warm  sections  between 


cryomodules  to  streamline  the  design  and  minimize 
alignment  problems.  The  intertank  parameters  for  the  four 
sections  of  the  HE  Linac  are  presented  in  Tables  1  and  2. 
The  distinction  between  the  two  high-P  sections  is  that  for 
a  lower  production  rate  facility,  Section  4  would  not  be 
built.  The  large  aperture  of  the  beam  pipe  is  the  same  as 
the  cavities  and  is  necessary  to  keep  beam  losses  to  a 
minimum  and  permit  hands-on  maintenance. 

Ninety  of  the  high-P  magnets  are  used  in  the  High 
Energy  Beam  Transport  line  to  the  target/blanket. 


Tablet;  Medium-P  Intertank  Parameters 


Section 

1 

(P=0.64) 

2 

Cryomodules 

6 

30 

Period  Length  (m) 

4.876 

6.18 

Quadrupoles 

12 

60 

Intertank  Length  (m) 

1.606 

1.609 

Output  Energy  (MeV) 

241.6 

471 

Quadrupole  Effective 

Length  (m) 

0.35 

0.35 

Beam  Tube  ID  (cm) 

13 

13 

Quadrupole  Spacing  (m) 

0.34 

0.34 

Quadrupole  Gradient  (T/m) 

5.6 -5.1 

5.5  -  6.05 

Table  2:  High-P  Intertank 

Parameters 

Section 

3 

4 

(P=0.82) 

(P=0.82) 

Cryomodules 

35 

42 

Period  Length  (m) 

8.54 

8.54 

Quadrupoles 

70 

84 

Intertank  Length  (m) 

1.9 

1.9 

Output  Energy  (MeV) 

1030 

1700 

Quadrupole  Effective 

Length  (m) 

0.45 

0.45 

Beam  Tube  ID  (cm) 

16 

16 

Quadrupole  Spacing  (m) 

0.34 

0.34 

Quadrupole  Gradient  (T/m) 

5.0-7.25 

7.25  -  9.76 

2  DESIGN  AND  ANALYSIS 

Electromagnetic  simulations  of  the  quadrupole  field  and 
steering  dipole  field  were  performed  using  the  Vector 
Fields  [6]  and  Mermaid  [7]  finite  element  modeling 


*  Work  supported  by  DOE  contract  De-AC04-96AL89607 

*  E-mail:  sam.sheynin@gat.com 
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software.  The  ratio  of  the  magnet  core  length  to  the  bore 
diameter  is  2.26  for  the  high-p  quadrupole  and  2  for  the 
medium- P  quadrupole.  The  pole  tip  profile  has  been 
designed  to  minimize  field  harmonics  of  the  integrated 
quadrupole  field  within  3A  of  the  aperture.  The 
optimization  of  pole  tip  geometry  is  achieved  by 
gradually  flattening  the  pole  tip  from  a  hyperbolic  profile 
and  iterating  it  with  radial  arcs  and  corner  radii,  the  so- 
called  “harmonic  bump”. 

2.1  Field  Errors  and  Harmonics 

Field  errors  are  evaluated  by  obtaining  the  Fourier  series 
of  integrated  quadrupole  field  at  a  given  reference  radius 
R  and  azimuth  angle  9 : 

z  z 

\Bx(R,0)  dz  and  \By(R,0)dz 
o  o 

Bx  and  By  are  the  horizontal  and  vertical  components  of 
the  field  B.  The  azimuth  angle  0  =  0  on  the  “x”  axis.The 
field  components  By  and  Bx  were  integrated  along  the 
longitudinal  axis  “z”  from  the  center  of  quadrupole  out  to 
75  cm  from  the  center,  which  is  3.33  aperture  diameters 
(in  air)  from  the  edge  of  the  pole  for  the  high-p 
quadrupole,  and  4.4  aperture  diameters  for  the  medium- P 
quadrupole.  Thus,  values  of  integrated  quadrupole  field  at 
the  fixed  arc  of  radius  R  represent  a  function  F( 9)  in  the 
interval  [-it  <  0<  jt].  The  Fourier  series  generated  by  this 
function  F( 9)  is  represented  by: 

F{6)  =  —  +  •cos kd  +  bk  -  sin k$) 

2  *=i 

The  harmonics  of  By  are  evaluated  by  the  ratios  of  A„/A2, 
where  An  =  ak+i,  and  A2  is  the  amplitude  of  the 
quadrupole  field.  Optimization  of  the  pole  tip  geometry  is 
achieved  by  minimizing  A6.  The  significant  harmonics  are 
summarized  in  Tables  3  and  4. 

2.2  Intertank  Design 

The  HE  Intertank  module  consists  of  the  following  major 
components: 

•  Horizontal  focusing  quadrupole  magnet  (QF), 

•  Vertical  focusing  quadrupole  magnet  (QD), 

•  Diagnostic  beam  box, 

•  Beam  position  and  phase  detectors, 

•  Vacuum  system, 

•  Support  stand. 

The  intertank  layout  and  assembly,  shown  in  Figures  1 
and  2,  is  located  between  gate  valves  that  are  part  of  the 
adjacent  cryomodule  assemblies.  The  intertank  is 
assembled  as  a  unit,  and  the  quadrupole  magnets  are 
precision  aligned  with  a  taut  wire  in  the  lab  prior  to 
installation  in  the  tunnel.  Each  doublet  will  use 
quadrupoles  with  matched  excitation  functions  powered 
in  series  by  a  single  power  supply.  The  QF  (QD) 
quadrupoles  will  be  configured  for  horizontal  (vertical) 


steering  fields.  All  quadrupoles  will  be  constructed  with 
steering  windings  although  only  about  40%  need  be 
energised  based  on  misalignment  and  steering 
simulations. 


Table  3:  2-D  Harmonic  Content  of  Quadrupole  Magnets 


2-D  HARMONIC  CONTENT 

Medium-P  (r=5  cm) 

High-p  (r=6  cm) 

Ag/A2 

0.041  % 

0.010  % 

Ai  c/A2 

-0.058  % 

-0.137  % 

Ai4/A2 

-0.007  % 

0.005  % 

A|/A2* 

2.154% 

1.579% 

a/a2* 

0.896% 

0.631% 

*  Calculated  for  dipole  field  of  100  Gauss 


Table  4:  3-D  Harmonic  Content  of  Quadrupole  Magnets 


Mermaid  3-D 

Vector  Fields  3-D 

Medium-P  (r=5  cm) 

Afi/A, 

-0.260% 

-0.255% 

Aio/A2 

-0.063% 

-0.046% 

A14/A  2 

0.008% 

-0.006% 

High- 

}  (r=6  cm) 

A(/A2 

-0.310% 

-0.284% 

Ak/A2 

-0.120% 

-0.193% 

Ai4/A2 

0.004% 

0.073% 

FOCUSING 


Figure  1 :  High-P  Intertank  Layout 

The  support  stand  utilizes  a  modified  6-point  support 
scheme  using  3  vertical  struts  and  a  floating  plate  that  is 
positioned  with  respect  to  the  stand  with  2  additional 
horizontal  struts  and  one  axial  strut.  This  allows  for 
accurate,  independent  positioning  of  the  magnet  through 
all  6  degrees-of-freedom. 

2.3  Magnet  Electro-Mechanical  Design 

The  electrical  and  mechanical  parameters  for  the  HE 
intertank  quadrupole  magnets  are  summarized  in  Table  5. 

The  magnetic  circuit  consists  of  four  quadrants.  Each 
quadrant  is  constructed  of  precision  punched  laminations 
(1008  low  carbon  steel  -  1/16”  thickness)  sandwiched 
between  ‘/2-inch  end  plates  adding  to  a  15-inch  (38.1-cm) 
core  assembly.  The  end  plates  will  be  chamfered  as 
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needed  to  improve  field  uniformity  on  the  basis  of 
prototype  magnetic  measurements. 


Figure  2:  Intertank  Assembly 


Table  5:  Parameters  for  the  HE  Intertank  Magnets 


Quadrupole  Parameters 

PARAMETER 

Medium-3 

High-3 

Integrated  Strength 

2.12  T 

4.39  T 

Aperture 

13.8  cm 

16.8  cm 

Effective  Length 

0.35  m 

0.45  m 

Core  Length 

28.1  cm 

38.1  cm 

Gradient 

6.05  T/m 

9.76  T/m 

Current 

290  A 

420  A 

Conductor 

3/8”  x  3/16”  0 

3/8”  x  3/16”  0 

Tums/Pole 

2 

II 

O 

N  =  66 

Resistance 

0.037  a 

0.087  ft 

Voltage 

10.7  V 

36.6  V 

Power 

3.11  kW 

15.4  kW 

Water  Flow 

2.34  gpm 

4.16  gpm 

Temperature  Rise 

5.1°C 

14.0°C 

Steering  Dipole  Parameters 

Dipole  Field  (Max.) 

+  100  Gauss 

+  100  Gauss 

Current 

15.6  A 

15.0  A 

Conductor 

AWG8  wire 

AWG8  wire 

Tums/Pole 

32 

40 

Resistance 

0.038  ft 

0.05  ft 

Voltage 

0.6  V 

0.75  V 

Power 

9.25W 

11.3  W 

The  electrical  windings  for  the  main  quadrupole  coil 
and  the  dipole  steering  correction  coil  are  epoxied/potted 
in  one  structure  as  shown  in  Figure  3.  The  water-cooled 
3/8-inch  square  hollow  copper  conductor  is  used  for  the 
main  quadrupole  coils.  The  steering  dipole  correction 
coils  use  round  AWG8  copper  wire  and  are  cooled  via 
conduction  from  the  water-cooled  quadrupole  coils. 
Terminals  have  been  provided  for  the  connection  of 
temperature  sensors  on  all  cooling  water  outlets.  The 
high-3  coils  are  constructed  with  two  parallel  cooling 
circuits  per  pole,  and  the  medium-P  has  a  single  cooling 
circuit  per  pole. 


QUADRUPOLE  AND 
STEERING  DIPOLE  COILS 


Figure  3:  Cross-section,  High-P  Quadrupole 
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Abstract 

The  Accelerator  Production  of  Tritium  (APT)  facility 
[1,2,3]  utilizes  a  high-intensity  CW  linear  accelerator 
consisting  of  both  normal-conducting  and  superconducting 
(SC)  RF  structures  to  accelerate  a  100-mA  CW  proton 
beam  to  an  energy  of  between  1030  and  1700  MeV 
depending  upon  tritium  production  needs.  The  accelerator 
will  be  commissioned  in  stages  defined  by  these  different 
normal  and  superconducting  modules.  Different 
commissioning  modes  developed  to  set  the  transverse  and 
longitudinal  beam  parameters,  require  pulsed  operation  of 
the  accelerator  over  a  wide  range  of  beam  currents.  These 
stages  and  modes  and  the  different  techniques  utilized  to 
tune  the  phase  and  amplitude  of  the  modules  are 
described.  Beam-dynamics  simulations  of  the  tuning 
process  for  the  phase  and  amplitudes  of  the  RF  structures 
in  the  low  energy  (LE)  Linac  will  be  presented. 

1  INTRODUCTION 

The  major  considerations  in  the  commissioning  of  the 
APT  Linac  have  been  addressed  in  prior  papers  [3,4]  and 
this  paper  will  describe  the  present  status  of  this  work. 
The  commissioning  plan  for  the  APT  Linac  describes  the 
process  through  which  the  Linac  components  are  operated 
with  beam  for  the  first  time  and  the  setpoints  for  the  RF 
structures  and  magnet  power  supplies  are  determined. 
Each  module  of  the  linac  will  be  commissioned 
sequentially  in  order  of  increasing  energy.  The  LE  Linac 
consists  of  13  modules  including  the  RFQ  and  injector. 
The  present  plan  is  to  commission  the  LE  Linac  in  six 
stages  defined  by  five  beam  stop  locations.  A  major 
objective  in  commissioning  the  first  few  stages  is  to  fully 
characterize  the  beam  properties.  At  low  energies,  it  is 
especially  important  to  understand  the  beam  properties  to 
validate  the  beam  dynamics  simulation  codes  or,  if 
necessary,  update  the  codes.  The  modules  and  stages  for 
the  LE  Linac  are  presented  in  Table  1.  Beam  stop  designs 
are  under  development  to  support  these  commissioning 
stages.  The  last  commissioning  stage  of  the  LE  Linac 
includes  the  first  4  or  5  cryomodules  of  the  SC  Linac. 
This  will  allow  for  testing  the  match  between  the  FODO 
lattice  in  the  LE  Linac  and  the  doublet  lattice  in  the  SC 
Linac. 


*Work  supported  by  DOE  contract  De-AC04-96AL89607 
*E-mail:  martin.schulze@gat.com 


Table  1 :  Commissioning  Stages  of  the  LE  Linac 


Stage 

Module  (s) 

Energy  Range 
(MeV) 

Beam  Power 
(kW) 

1 

Injector 

.075 

8.5 

2 

RFQ 

6.7 

50* 

3 

CCDTL1 

6.7  -  10.05 

50* 

4 

CCDTL2 

10.05-21.3 

50“ 

5 

CCDTL3-6 

21.3-96.7 

10 

6b 

CCL7-11 

96.7-250 

25 

“The  same  beam  stop  will  be  used  for  these  stages 
Includes  first  cryomodules  of  HE  Linac 


The  SC  Linac  will  accelerate  the  beam  to  1030  MeV 
with  an  option  to  increase  the  energy  to  1700  MeV.  The 
accelerator  layout  for  1030  MeV  is  shown  in  Figure  1. 
Initially,  the  SC  linac  will  be  commissioned  in  a  single 
stage  with  a  0.1%  duty  factor  beam  stop  located  at  1030 
MeV  and  then  to  a  2%  beam  stop  located  after  a  90° 
achromatic  bend. 


Future 

Application. 


ation  2%  1 


Beams  top 
Target/Blanket 


1030  MeV  APT  Linac 


1030.0  MeV 


471.4  MeV 


211.4  MeV 


0.1%  Beamstop 


High-  p  SC  Linac  Medium-  3  SC  Linac  NC  Linac 


Figure  1:  APT  Linac  Layout  for  1030  MeV 

There  are  three  cryomodule  designs  in  the  SC  Linac 
defined  by  the  velocity  interval,  p,  with  the  number  of 
cavities  and  the  period  length  as  presented  in  Table  2.  The 
cryomodules  will  be  commissioned  sequentially  one 
module  at  a  time  and  the  high-P  cryomodules  will  be 
commissioned  one  klystron  at  a  time. 


Table  2:  SC  Linac  Cryomodule  and  RF  Configuration 


P 

Cavities 

Period 

Klystrons/ 

Cryomodule 

Cryo¬ 

modules 

0.64 

2 

4.88  m 

1 

6 

0.64 

3 

6.18  m 

1 

30 

0.82 

4 

8.54  m 

2 

35 

0-7803-5573-3/99/$  1 0.00  @  1 999  IEEE. 
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2  COMMISSIONING  PROCESS 

Commissioning  will  be  done  with  pulsed  beams  and  cw 
RF  power.  The  pulse  length  will  be  at  least  200-ps  with  a 
repetition  rate  from  1  to  10  Hz.  The  injector  and  RF 
systems  require  up  to  100  |i.s  to  stabilize  depending  on 
peak  current.  The  pulsed  beam  format  will  depend  on  the 
commissioning  procedure.  The  peak  current  will  initially 
be  very  small  (<  10  mA)  consistent  with  stable  beam 
operation.  Commissioning  will  consist  of  the  following 
beam  operations  as  each  stage  and/or  module  is 
commissioned: 

•  Steering  and  Alignment  -  low  peak  current  (<  10  mA) 

and  duty  factor  (1  Hz  and  0.2  ms) 

•  RF  phase  and  Amplitude  Scans  -  low  peak  current  (<  10 

mA)  and  duty  factor  (10  Hz  and  0.2  ms) 

•  Increase  peak  current  to  100  mA  at  low  duty  factor 

•  Measure  beam  properties 

•  Validate  beam  dynamics  codes 

•  Develop  operations  database 

The  quadrupole  gradients  will  be  set  according  to  the 
beam  dynamics  model  based  on  precise  magnetic  field 
measurements  prior  to  turning  on  the  RF.  Checking  the 
alignment  and  setting  the  steering  will  then  take  place  and 
is  expected  to  be  straightforward.  Determining  the  proper 
setpoints  for  the  cavity  phase  and  amplitude  will  be  a 
major  part  of  the  commissioning  process  and  will  be 
described  in  detail  in  the  next  section.  Once  the  cavity 
phase  and  amplitude  is  set  the  peak  current  will  be  slowly 
increased  to  full  current.  As  the  peak  current  is  increased, 
the  intent  will  be  to  eliminate  beam  losses  and  understand 
the  transverse  beam  profile.  Beam  losses  or  beam  profiles 
inconsistent  with  predictions  will  identify  problems,  which 
may  include  either  component  errors  or  physics  effects  not 
included  in  the  beam  dynamics  model.  A  major 
consideration  will  be  whether  beam  halo  requires  the 
focusing  lattice  to  be  adjusted  from  the  nominal  settings, 
as  is  the  case  at  LANSCE.  The  first  stages  of  the  LE 
Linac,  where  space-charge  effects  are  especially 
significant,  must  be  understood  because  discrepancies 
between  measurements  and  simulation  may  indicate 
problems  that  could  lead  to  beam  loss  at  higher  energies. 
The  same  beam  stop  will  be  used  for  the  RFQ,  CCDTL1 
and  CCDTL2  (2nd  to  4th  stages  of  Table  1).  This  beam 
stop,  designed  to  be  movable  with  a  beam  transport  line 
and  diagnostics,  will  operate  at  duty  factors  up  to  10%. 

A  commissioning  transport  line  and  beam  diagnostic 
package  located  just  upstream  of  each  beam  stop  will  be 
developed  to  measure  the  beam  current,  beam  loss, 
transverse  beam  profile,  transverse  rms  emittance, 
transverse  beam  halo,  final  beam  energy  centroid,  and 
bunch  length.  This  comprehensive  set  of  measurements  of 
the  beam  properties  will  be  made  after  each  module  in  the 
LE  Linac  is  commissioned  and  periodically  in  the  SC 
Linac  once  all  components  have  been  set  to  their  nominal 


values.  These  measurements  will  be  used  to  validate  the 
beam  dynamics  codes  as  well  as  to  develop  an  operational 
database.  While  there  is  inadequate  space  in  the  beam  line 
to  install  the  beam  diagnostics  needed  to  fully  characterize 
the  beam  except  at  the  two  beam  stop  locations  shown  in 
Figure  1  there  will  be  an  assortment  of  beam  profile 
monitors  and  beam  phase  probes  throughout  the  linac. 
Measurements  made  with  these  in-line  diagnostics  will  be 
correlated  and  calibrated  with  the  detailed  measurements 
made  with  the  commissioning  diagnostics  package.  The 
objective  is  to  develop  an  effective  and  efficient  process 
by  which  each  module  may  be  turned  on  and  performance 
validated  after  a  shutdown  in  the  absence  of  a 
comprehensive  diagnostics  package.  Various  failure 
modes  will  be  simulated  and  the  beam  response  will  be 
also  measured  with  these  in-line  diagnostics. 

3  RF  PHASE  AND  AMPLITUDE  SCANS 

The  cavity  RF  amplitude  and  phase  in  a  given  module  are 
optimized  by  changing  the  cavity  phase  and  measuring  the 
detected  beam  signal  for  different  cavity  amplitudes. 
Different  phase  scan  methods  are  presently  under 
investigation  for  the  different  modules.  These  include: 

•  Absorber  Collector 

•  Phase  Measurement  (single  phase  probe) 

•  Energy  Measurement  (two  phase  probes) 

One  or  more  of  these  techniques  will  be  used  to 
commission  the  RF  structures.  Simulations  of  the 
commissioning  process  for  the  RF  structures  have  been 
performed  for  each  module  of  the  APT  Linac  using 
combinations  of  these  techniques  to  determine  the  most 
effective  and  efficient  approach  to  commissioning  each 
module.  Each  of  these  techniques  is  described  below. 

The  absorber  collector  measures  the  beam  transmission 
through  a  degrader  placed  at  the  end  of  a  module.  The 
thickness  is  chosen  to  be  the  range  of  a  proton  a  few  MeV 
less  than  the  nominal  output  energy  of  the  module.  The 
measurement  of  the  transmission  as  a  function  of  the 
cavity  phase  produces  a  curve  as  shown  in  Figure  2.  The 
FWHM  and  the  phase  of  the  50%  transmission  are 
determined  from  simulation  of  the  ideal  module.  The  RF 
amplitude  and  phase  are  then  adjusted  to  achieve  these 
design  values.  This  technique  is  very  straightforward  but 
is  suitable  only  on  the  LE  Linac  at  low  beam  power. 

;  CCDTL2  -  Absorber/Collector  Phase  Scan  | 


Cavity  Phaaa  (dagreaa) 


Figure  2:  Absorber  Collector  Phase  Scan 
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Phase  scans  using  a  single  phase  probe  measurement 
result  in  a  curve  of  the  beam  phase  measured  at  the  phase 
probe  as  a  function  of  the  cavity  phase  adjustment.  The 
placement  of  the  probe  is  at  an  odd  multiple  of  90°  phase 
advance  in  the  module.  At  this  location  the  beam  phase  is 
insensitive  to  small  changes  in  the  RF  phase  resulting  in  a 
characteristic  curve  as  shown  in  Figure  3.  This  technique 
appears  best  suited  to  the  CCDTL  structures  where  the 
total  phase  advance  ranges  between  360  and  1000  degrees 
and  there  are  many  intertank  locations  where  a  probe  can 
be  located.  Figure  3  shows  the  results  after  cavity  172 
although  it  is  cavity  173  where  the  phase  measurement 
shows  little  sensitivity  to  the  cavity  phase  at  the  nominal 
amplitude.  The  beam  phase  is  insensitive  to  cavity  phase 
at  a  unique  amplitude  of  1.024  nominal  as  shown  and  this 
curve  intersects  the  curve  for  the  nominal  amplitude  at  a 
phase  of  -7.66°.  This  information,  obtained  from 
simulations  of  the  ideal  machine,  is  used  to  define  the  RF 
amplitude  and  phase  setpoints  for  this  module.  The 
procedure  would  be  to  identify  the  “signature”  curve 
corresponding  to  an  amplitude  of  1.024  nominal,  scale  the 
cavity  amplitude  by  this  amount  and  measure  the  curve  at 
the  nominal  amplitude  to  determine  the  phase  and  then 
adjust  the  phase  to  -7.66°.  A  similar  phase  scan  in  cavity 
173  would  result  in  two  curves  that  are  almost  parallel 
where  they  intersect  which  would  introduce  a  large 
uncertainty  in  setting  the  cavity  phase. 


Phase  Setting  (degrees) 

Figure  3:  Single  Phase  Probe  Measurement 


constant  as  the  energy  changes.  This  is  similar  to  the 
single  phase  probe  measurement  in  that  the  ratio  of  this 
amplitude  to  the  nominal  amplitude  is  well  known  and  that 
the  intersection  of  this  curve  with  that  for  the  nominal 
amplitude  defines  the  cavity  phase  setpoint.  The  spacing 
between  the  two  phase  probes  must  be  chosen  carefully  so 
that  there  is  a  clear  distinction  between  these  two  curves. 


CCDTL5  •  Energy  Measurement 


Figure  4:  Energy  measurement  with  two  phase  probes 


Figure  5:  Phase  scan  of  relative  energy  vs.  relative  phase 


It  is  anticipated  that  the  RF  structures  of  the  SC  linac 
will  also  be  commissioned  using  two  phase  probes.  In  the 
SC  linac,  the  energy  gain  in  a  module  is  only  a  small 
percentage  of  the  total  energy  and  the  results  of  a  phase 
scan  similar  to  that  shown  in  Figure  4  will  be  a  “skewed” 
sinusoid.  The  intent  is  to  measure  the  peak  of  this  curve 
from  which  the  energy  gain  and  synchronous  phase  can  be 
determined. 


4  REFERENCES 


Perhaps  the  most  versatile  and  effective  type  of  phase 
scan  measurement  is  to  use  two  phase  probes  whereby  one 
can  measure  the  beam  time-of-flight  (TOF)  and  infer  the 
beam  energy.  This  measurement  appears  to  be  well  suited 
for  all  modules  of  the  APT  Linac.  In  one  application  of 
this  measurement,  the  beam  energy  is  measured  as  the 
cavity  phase  is  scanned  over  a  wide  range  (~  +  90°).  The 
results  are  similar  to  an  absorber  collector  phase  scan  as 
seen  in  Figure  4  except  that  the  width  and  phase  are 
measured  at  a  specific  beam  energy. 

Another  type  of  phase  scan  using  two  phase  probes  can 
be  performed  by  measuring  the  energy  as  a  function  of  the 
phase  difference  between  the  cavity  phase  and  the  phase 
measured  in  one  of  the  probes  [6]  as  shown  in  Figure  5. 
At  a  specific  amplitude  the  phase  difference  remains 
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LINAC  RF  STRUCTURES  FOR  THE  SPALLATION  NEUTRON  SOURCE* 

J.  H.  Billen,  H.  Takeda,  and  T.  S.  Bhatia 
Los  Alamos  National  Laboratory,  Los  Alamos,  NM  87545  USA 


Abstract 

The  Spallation  Neutron  Source  (SNS)  project  is  a 
collaboration  among  Argonne,  Brookhaven,  Lawrence 
Berkeley,  Los  Alamos,  and  Oak  Ridge  National 
Laboratories.  Los  Alamos  is  responsible  for  the  linac  that 
accelerates  the  H“  beam  from  2.5  MeV  to  1  GeV.  For  the 
baseline  design,  scheduled  for  completion  in  2005,  the 
linac  will  deliver  to  the  accumulator  ring  a  beam  of  1.1- 
MW  average  power.  In  the  SNS  linac,  a  conventional 
402.5-MHz  drift-tube  linac  (DTL)  accelerates  the  beam 
from  2.5  to  20  MeV,  at  which  point  805-MHz  structures 
take  over.  The  805-MHz  linac  consists  of  a  coupled- 
cavity  drift-tube  linac  (CCDTL),  followed  by  a  coupled- 
cavity  linac  (CCL).  The  DTL  uses  permanent  magnet 
quadruples  inside  the  drift  tubes  arranged  in  a 
FOFODODO  lattice;  the  focusing  period  is  4(3A,  long  at 
402.5  MHz.  The  CCDTL  and  CCL  use  electromagnetic 
quadrupole  magnets  external  to  the  rf  structure;  the  FODO 
lattice  period  is  12|3A,  long  at  805  MHz.  The  cavity  field 
profile  maintains  smooth  longitudinal  focusing  strength 
per  unit  length.  High  cavity  stored  energy  reduces  the 
effect  of  beam  chopping  on  the  cavity  fields.  The  bore 
radius  is  1.25  cm  in  the  DTL,  and  increases  in  the  CCDTL 
and  CCL  in  several  steps  consistent  with  adequate  shunt 
impedance,  to  a  final  value  of  2.0  cm.  The  rf  structures  are 
compatible  with  a  future  upgrade  to  a  beam  power  of  4.4 
MW. 


402.5-MHz  805-MHz  - 805-MHz  CCL - 

DTL  CCDTL  8*cavity  segments  10-cavity  segments 

1  tank  2  modules  6  modules  18  modules 


t  t  t  t  t 


2.5  MeV  20  MeV  87  MeV  294  MeV  1  GeV 

FOFODODO 
Lattice 

4  PX  @  402.5  MHz 
8  PL  6  805  MHz 


Figure  1.  SNS  linac  layout  for  1  MW  beam  power. 

1  INTRODUCTION 

Figure  1  shows  the  major  items  to  be  delivered  by  Los 
Alamos:  the  402.5-MHz  drift-tube  linac  and  the  805-MHz 
coupled-cavity  structures.  These  are  room-temperature 
copper  accelerating  structures.  During  operation,  the 
water  coolant  temperature  will  control  the  resonant 
frequency.  Other  SNS  components  appear  in  papers  at  this 
conference.  Figure  2  is  a  plot  of  the  cavity  shunt 


*Woik  supported  by  the  Office  of  Energy  Research,  Basic  Energy 
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impedance  ZT2  as  a  function  of  particle  velocity,  which  is 
affected  strongly  by  the  choice  of  bore  radius.  Values  of 
ZT2  in  the  figure  include  all  expected  losses  in  the 
cavities.  The  SNS  linac  requires  high  cavity  stored  energy 
in  order  to  reduce  the  effect  of  beam  chopping  on  the 
cavity  fields.  When  designing  such  cavities,  one  is  usually 
limited  either  by  the  maximum  power  densities  that  can  be 
cooled  or  by  the  tendency  of  die  cavity  to  spark  at  high 
electric  fields.  With  an  rf  duty  factor  of  6.7%,  the  power 
density  is  not  the  limitation,  though  water  cooling  is 
required.  Figure  3  plots  the  peak  surface  electric  field 
relative  to  the  Kilpatrick  field  as  a  function  of  particle 
velocity.  The  Kilpatrick  field  is  19.47  MV/m  at  402.5 
MHz  and  26.06  MV/m  at  805  MHz.  Values  below  1.5 
Kilpatrick  represent  a  conservative  design. 


Figure  2.  Cavity  shunt  impedance  versus  particle  velocity. 
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Figure  3.  Peak  surface  electric  field  in  terms  of  the  Kilpatrick 
field  versus  particle  velocity. 

2  DRIFT-TUBE  LINAC 

Table  1  lists  the  DTL  design  parameters.  The  DTL  has  a 
single  tank  with  84  accelerating  gaps.  The  contour  plots  in 
Figure  4  show  three  representative  cells  computed  by 
SUPERFISH  [1]  The  lower  left  comer  of  each  figure  of 
revolution  is  the  center  of  the  gap.  The  tank  diameter  D 
will  be  slightly  larger  than  43  cm  and  the  drift-tube 
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diameter  d  =  9  cm.  The  space  for  post  couplers  (D  -  d)/2 
is  about  91%  of  7J 4  at  402.5  MHz,  an  ideal  distance  for 
ensuring  good  stability.  A  series  of  12  static  slug  tuners 
along  the  bottom  of  the  tank  will  provide  several  MHz  of 
tuning  capability. 

Drift  tubes  have  the  full  9-cm  diameter  over  a  long 
enough  length  to  house  the  permanent-magnet 
quadrupoles.  We  adjust  the  face  geometry  for  high  shunt 
impedance  constant  peak  surface  electric  field  of  -1.3 
Kilpatrick  for  an  average  axial  electric  field  Eo  =  3.0 
MV/m.  We  vary  the  drift-tube  length  to  tune  each  cell  to 
402.5  MHz.  Several  parameters  change  with  (3  over  part 
of  the  DTL.  The  bore  radius  increases  from  1 .25  cm  to  1 .5 
cm  over  about  11  cells  between  p  =  0.13  and  P  =  0.15. 
The  face  angle  varies  from  3  degrees  to  65  degrees  (see 
Figure  4).  The  detailed  nose  shape  includes  an  inner 
radius  R;  in  the  range  0.16  cm  to  0.35  cm,  an  outer  radius 
Ro  =  3Rj,  and  a  short  flat  segment  between  them.  This  flat 
segment  (in  the  range  0.05  cm  to  0.4  cm)  reduces  the  peak 
surface  electric  field  at  the  expense  of  a  small  reduction  in 
shunt  impedance. 

Two  values  appear  in  Table  1  for  the  beam  current  and 
total  rf  power.  The  lower  number  is  for  the  baseline  1- 
MW  beam  power  design  and  the  larger  number  is  for  an 
upgrade  to  4  MW  discussed  below.  The  power  figures 
include  an  expected  20%  reduction  in  the  SUPERFISH- 
calculated  ZT  . 


Table  1.  DTL  Design  Summary 


Frequency 

402.5  MHz 

Injection/Final  Energy 

2.5/20.0  MeV 

Micropulse  Current  (1MW/4MW) 

28/56  mA 

Macropulse  Current  (1MW/4MW) 

18/36  mA 

Average  Accelerating  Field 

3.0  MV/m 

Quadrupole  Focusing  Lattice 

FOFODODO 

Peak  Surface  Electric  Field 

1.3  Kilpatrick 

Length 

8.26  m 

Radial  Aperture 

1.25  and  1.5  cm 

Number  of  Cells 

84 

Number  of  Post  Couplers 

41 

Total  RF  Power  (1MW/4MW) 

1.6/1 .9  MW 

3  COUPLED-CAVITY  STRUCTURES 

After  the  DTL  at  20-MeV  beam  energy,  the  linac  uses 
805-MHz  coupled-cavity  structures  composed  of 
relatively  short  contiguous  sections  of  a  few  accelerating 
cavities  called  segments.  The  accelerating  cavities  within 
a  segment  are  connected  to  short,  side-mounted  coupling 
cavities  in  the  usual  way.  Longer  side  coupling  cavities 
span  the  drift  spaces  between  segments.  The  magnetic 
coupling  between  cavities  is  5%.  A  transverse  focusing 
period  consists  of  two  segments  and  two  drift  spaces  that 
contain  electromagnetic  quadrupole  (EMQ)  singlets. 
Diagnostic  elements  also  occupy  some  of  the  drift  spaces. 
Table  2  lists  the  major  linac  parameters. 

In  SNS  there  are  three  structure  sections  characterized 
by  the  type  and  number  of  cavities  per  segment.  In  the 
first  part,  from  20  MeV  to  about  87  MeV,  a  segment 
contains  two  CCDTL  cavities  of  total  length  3(3X.  The 


Figure  4.  DTL  cells  for  P  =  0.08, 0.13, 0.15,  and  0.20. 

drift  spaces  between  segments  are  also  3  PL  Segments  in 
the  second  part  to  294  MeV  contain  8  CCL  cavities  of 
total  length  4p^.,  but  the  drift  spaces  are  now  2PA,  long. 
The  major  part  of  the  linac  has  10-cavity  CCL  segments 
of  total  length  5PA,  and  ipA.  drift  spaces.  The  design  has 
several  mechanical,  rf,  and  beam-dynamics  advantages: 

•  There  are  no  transitions  in  the  transverse  focusing 
lattice,  which  has  a  constant  period  of  12(3A,  at  805 
MHz. 

•  The  EMQs  are  accessible  and  can  be  aligned 
independently  from  the  rf  structures. 

•  Furnace-brazed  rf  modules  eliminate  most  mechanical 
rf  and  vacuum  joints. 

•  The  structure  contains  no  bridge  couplers. 


Table  2.  CCDTL  and  CCL  Design  Summary 


Frequency 

805  MHz 

Injection/Final  Energy 

20/1000  MeV 

Micropulse  Current  (1MW/4MW) 

56/112  mA 

Macropulse  Current  (1MW/4MW) 

18/72  mA 

Average  Accelerating  Field 

3.7  MV/m 

Energy  Gain  (real-estate  average) 

2.14  MeV/m 

Quadrupole  Focusing  Lattice 

FODO 

Transverse  Focusing  Period 

12  BA, 

Length 

458  m 

Radial  Aperture 

1.5  to  2.0  cm 

Peak  Surface  Electric  Field 

<1.5  Kilpatrick 

Structure  Power 

80  MW 

Beam  Power  (1MW/4MW) 

1. 1/4.4  MW 

Number  of  RF  Modules 

26 

Number  of  Accelerating  Cavities 

2560 

Number  of  Segments 

347 

Klystrons/Module  (1MW/4MW) 

2/3 

3.1  Coupled-Cavity  Drift-Tube  Linac 

The  first  two  rf  modules  have  61  and  30  CCDTL  [2] 
segments.  The  bore  radius  Rb  =  1.5  cm.  Each  segment 
contains  two  cavities  like  the  one  in  Figure  5.  The 
CDTFISH  code  from  Ref.  1  helps  automate  the  design 
and  optimization  process.  At  each  end  of  a  range  of 
particle  velocities  P,  we  first  optimize  the  gap  g,  drift-tube 
diameter  d,  drift-tube  face  angle  0Cf,  and  equator  flat 
length  Feq-  The  optimum  has  high  ZT2  and  is  within  the 
acceptable  range  of  power  density  and  peak  surface 
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electric  field.  We  adjust  the  cavity  diameter  D  for 
resonance  at  805  MHz.  If  a  parameter  changes  by  a 
substantial  amount  from  its  initially  chosen  value,  we 
repeat  the  optimization  of  the  parameters  studied  earlier. 
After  finishing  the  optimization  studies,  we  design  a 
cavity  for  every  0.01  step  in  |3,  again  varying  D  for 
resonance  at  805  MHz,  using  linear  interpolation  for  g,  d, 
Of,  and  Feq.  between  the  two  end-point  values.  Beam 
dynamics  studies  use  the  transit-time  factor  data  for  these 
representative  cavities. 


Figure  5.  CCDTL  cavity  for  |3  =  0.24. 


3.2  Coupled-Cavity  Linac 


Above  P  -  0.4  the  conventional  CCL  shown  in  Figure  6  is 
more  efficient  than  the  CCDTL.  The  exact  energy  of  the 
transition  depends  upon  other  details  of  the  rf  partitioning. 
The  first  6  rf  modules  in  the  CCL  have  8  cavities  per 
segment.  At  P  =  0.65  a  space  of  length  IPX.  is  long 
enough  for  the  EMQ,  so  later  modules  have  10  cavities 
per  segment.  The  CCL  has  three  sections  of  different  bore 
radius.  The  smallest  radius  Rb  =  1.5  cm  occurs  at  the  low 
p  end  (modules  3  and  4)  and  matches  Rb  at  the  end  of  the 
CCDTL.  We  increase  Rb  to  1.75  cm  in  modules  5,  6,  7, 
and  8  and  to  2.0  cm  in  modules  9  through  26.  The  effects 
of  these  changes  on  ZT2  can  be  seen  in  Figure  2.  For  each 
bore  radius  we  follow  an  optimization  procedure  like  that 
described  for  the  CCDTL.  The  parameters  varied  for  high 
ZT2  are  the  gap,  the  cone  angle  of  the  nose,  and  the  inner 
and  outer  radii  of  the  cavity  wall.  Again,  the  cavity 
diameter  varies  for  tuning  to  805  MHz. 


Figure  6.  CCL  cells  for  P  =  0.43,  0.60,  and  0.87. 


3.3  RF  Partitioning 

The  coupled-cavity  linac  structures  will  operate  in  the  n/2 
mode,  which  has  remarkably  good  field  stability,  low 
power-flow  droop,  and  negligible  power-flow  phase  shift 
for  a  few  percent  coupling.  These  structures  must  be 
divided  into  a  relatively  small  number  of  rf  modules 


whose  power  requirements  are  matched  to  the  available 
power  supplies.  We  plan  to  use  commercial  805-MHz 
klystrons  with  a  rated  output  power  of  2.5  MW  at  the  SNS 
duty  factor.  Of  this  power,  2.0  MW  is  available  for 
supplying  the  cavity  fields  and  accelerating  beam.  With 
300  or  fewer  cavities  (including  coupling  cells)  and  5% 
coupling  between  cavities,  the  mode  density  near  the  tt/2 
operating  mode  remains  low  enough  for  easy  tuning  of  the 
structures. 

In  addition  to  these  power  requirements  and  the  limit 
on  the  total  number  of  cavities,  we  have  imposed  a  few 
other  requirements  on  the  partitioning.  For  thermal 
management,  we  allow  only  one  structure  type  in  an  rf 
module.  For  example,  the  CCDTL  ends  at  the  end  of 
module  2  and  the  8-cavity  CCL  ends  at  the  end  of  module 
7.  Also,  bore  radius  changes  occur  only  at  ends  of 
modules.  Finally,  a  module  can  only  be  lengthened  or 
shortened  by  adding  or  subtracting  an  entire  segment.  A 
CCDTL  segment  has  4  cavities  and  a  CCL  segment  has 
either  16  or  20  cavities.  The  resulting  partitioning  scheme 
has  26  rf  modules,  with  each  module  driven  by  two 
klystrons. 


4  UPGRADING  TO  4  MW 

The  initial  installation  of  the  SNS  linac  will  deliver  a  1.1- 
MW  beam  to  the  accumulator  ring.  One  design 
requirement  is  the  ability  to  upgrade  to  four  times  the 
initial  beam  power.  The  proposed  solution  is  to  duplicate 
the  entire  20-MeV,  402.5-MHz  front  end,  double  the 
beam  current  in  each  leg,  and  funnel  the  two  beams 
together  before  the  beam  enters  the  805-MHz  linac. 

Each  rf  module  in  the  805-MHz  linac  has  3  drive 
irises,  placed  at  the  1/6,  3/6,  and  5/6  power  points,  which 
is  optimum  for  4-MW  operation.  The  1-MW  linac,  which 
has  lower  beam  loading,  uses  the  two  outside  irises.  The 
only  major  shutdown  required  is  for  installation  of  the 
duplicate  front  end  and  the  beam  funnel.  Upgrading  the 
CCDTL  and  CCL  can  be  done  by  installing  klystrons 
during  scheduled  down  times  with  no  impact  on  the 
running  schedule. 

5  CONCLUSION 

We  have  outlined  the  design  of  the  SNS  linac.  The  design 
has  no  transitions  in  the  focusing  lattice  after  the  20-MeV 
DTL.  Magnets  are  not  susceptible  to  drift-tube  vibrations 
because  they  mount  outside  the  rf  structure  where  they 
remain  accessible  and  serviceable.  Power  densities  are 
manageable  and  surface  electric  fields  are  conservative. 
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FUNNEL  CAVITIES  FOR  4-MW  UPGRADE  OF 
SPALLATION  NEUTRON  SOURCE* 


Frank  L.  Krawczyk  and  Sergey  S.  Kurennov.  LANL,  Los  Alamos,  NM  87545,  USA 
Abstract 


The  Spallation  Neutron  Source  (SNS)  project  [1]  includes 
a  future  upgrade  option  to  4  MW  of  beam  power.  The 
upgrade  scenario  stipulates  adding  a  second  front  end  and 
drift-tube  linac,  and  then  merging  two  402.5-MHz  beams 
from  the  parallel  legs  by  interlacing  them  into  a  single 
805-MHz  beam  at  the  entrance  to  the  main  linac.  The 
funnel  energy  is  chosen  to  be  20  MeV.  The  beam  funnel 
section  requires  two  types  of  rather  special  cavities:  the 
two-beam  buncher  and  the  RF-deflector.  The  design 
options  of  the  funnel  cavities  and  some  results  of  their  3- 
D  electromagnetic  modeling  with  MAFIA  are  presented. 
These  results  show  feasibility  of  the  beam  funneling  for 
the  SNS  upgrade. 

1  BEAM  FUNNELING 

The  beam  funneling  combines  two  beams  with  frequency 
/  and  current  I  into  a  single  beam  of  current  21  at 
frequency  2/,  see  [2]  for  references.  For  the  SNS  4-MW 
upgrade  the  funneling  will  provide  the  1 10-mA  IT-current 
in  the  1-GeV  805-MHz  linac  by  merging  two  402.5-MHz 
beams  at  20  MeV  [1],  The  main  reason  for  the  funneling 
is  that  the  output  current  of  existing  H'-sources  is  limited. 
While  increasing  the  effective  current,  the  funneling 
keeps  the  charge  per  bunch  the  same.  The  concept  of  the 
beam  funneling  by  the  longitudinal  interlacing  of  two 
beams  is  illustrated  in  Fig.  1 .  In  the  SNS  case,  two  56-mA 
beams  are  delivered  by  two  separate  front-end  sections 
(each  one  includes  an  ion  source,  RFQ  and  DTL)  that  are 
phased  180°  apart. 


%  *  f 


o 

Figure  1:  Scheme  of  beam  funnel  in  SNS.  The  arrows 
illustrate  the  action  of  an  RF  deflector. 
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In  addition  to  two  regular  beam  lines  with  bending 
magnets  and  focusing  elements,  the  SNS  funnel  section 
design  [1]  requires  two  special  cavities.  The  two-beam 
buncher  provides  the  longitudinal  focusing  of  the  beams 
when  they  are  close  to  each  other,  just  before  the  RF 
deflector.  The  RF  deflector  alternatively  kicks  the 
merging  beams  in  the  transverse  direction  to  stir  them 
onto  a  common  axis  in  a  matching  section 

2  TWO-BEAM  BUNCHER 

The  two-beam  (or  two-channel)  buncher  cavity  contains 
two  DTL-type  two-gap  segments.  Two  beam  channels  are 
on  both  side  of  the  cavity  axis  and  have  a  1.68°  tilt  with 
respect  to  it.  Since  the  cavity  geometry  is  essentially  3-D, 
we  apply  the  MAFIA  code  package  [3]  to  analyze  it.  A 
MAFIA  model  for  one-quarter  cut  of  the  two-beam 
buncher  cavity  is  shown  in  Fig.  2.  Symmetry  with  respect 
to  the  two  cut  planes  is  assumed.  The  drift-tubes  (DTs, 
red)  of  both  channels  slightly  overlap.  The  central  DTs 
are  supported  by  stems  (dark-blue),  which  also  provide 
water-cooling  paths  to  DTs. 


Figure  2:  Two-beam  buncher  cavity  (one  quarter). 

The  cavity  design  frequency  is  805  MHz.  Its  length  is 
chosen  to  be  2PX=15.14  cm,  where  (3=0.203  for  20  MeV 
IT-ions,  and  X=37.24  cm  for  805  MHz.  The  spacing 
between  the  gap  centers  is  PA,  and  the  gap  length  is  p7/4. 
The  beam  entrance  centers  are  4.9  cm  apart,  while  the 
exits  are  separated  by  4  cm.  Based  on  previous 
experience  [4],  we  choose  to  model  untilted  DTs  to  avoid 
errors  introduced  by  discretization  of  slightly  tilted 
shapes. 
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The  electric  field  pattern  of  the  operating  805-MHz 
mode  is  shown  in  Fig.  3.  For  the  preliminary  design  the 
mode  frequency  was  adjusted  by  changing  the  cavity 
radius  (sensitivity  is  about  -8.5  MHz/mm);  the  final 
tuning  will  be  provided  by  tuning  plugs.  This  mode  is 
well  separated  from  the  lower,  stem  mode  (around  500 
MHz)  and  higher  modes  (>1.3  GHz). 


-0.077  0.000  0.077 

Figure  3:  Electric  field  in  the  upper  half  of  the  buncher 
cavity  cross  section.  All  dimensions  are  in  meters. 

Some  parameters  of  the  fundamental  mode  are  listed  in 
Table  1.  We  assume  here  that  the  total  voltage  on  the 
cavity  is  equal  to  625  kV. 


Table  1:  Buncher  805-MHz  Mode  Parameters 


Parameter 

Value 

Average  longitudinal  E  field 

4.1  MV/m 

Maximum  E  field 

29.9  MV/m  (1.15  Kp) 

Maximum  B  field 

0.033  T 

Total  stored  energy 

0.222  J 

Total  dissipated  power* 

50.8  kW 

Max  power  loss  density* 

233  W/cm2 

O-factor 

22725 

*CW ;  for  SNS,  should  be  multiplied  by  the  duty  factor,  about  0.07. 


Figure  4:  Surface  power  loss  density  near  the  stem-DT 
connection:  the  highest  density  is  indicated  by  red  (also 
by  arrow),  and  the  lowest  one  by  dark-blue. 


The  maximal  magnetic  field  and,  correspondingly,  the 
highest  surface  loss  density  are  near  the  connection  of  the 
stem  and  DT.  The  calculated  power  loss  density  in  this 
region  is  shown  in  Fig.  4,  where  the  red  area  corresponds 
to  the  loss  density  above  200  W/cm2  (CW).  Making  the 
stem  thicker  can  further  reduce  the  power  density. 

3  RF  DEFLECTOR 

The  RF  deflector  provides  an  alternating  1.28°  deflection 
for  two  20-MeV  beams  entering  it,  as  shown  in  Fig.  1. 
The  working  mode  frequency  has  to  be  402.5  MHz,  and 
its  transverse  electric  field  between  the  tips  of  the  cavity 
deflecting  element  acts  alternatively  on  one  of  the  two 
beams.  The  layout  of  the  RF  deflector  cavity  is  illustrated 
by  a  3-D  MAFIA  model  in  Fig.  5;  it  is  based  on  the 
previous  study  performed  for  the  ADTT  program  [5].  The 
beam  path  in  Fig.  5  is  along  the  upper  front  edge  of  the 
drawn  box,  and  the  deflecting  element  is  shown  in  red. 

The  total  cavity  length  is  about  22  cm,  while  the 
distance  between  the  centers  of  two  gaps  separating  the 
deflecting  element  and  beam  ports  is  equal  to  pX/2=7.57 
cm.  The  gap  width  between  the  tips  of  the  deflector  is  16 
mm,  as  well  as  the  radii  of  the  beam  pipes. 


Figure  5:  RF  deflector  cavity  (one  eighth  is  shown). 

The  calculated  electric  field  of  the  deflecting  mode  is 
shown  in  Fig.  6:  the  electric  field  is  mostly  concentrated 
in  the  deflector  gap.  The  magnetic  field  of  the  mode  is 
rather  low  in  the  gap;  it  mostly  fills  the  cavity,  with  the 
maximum  near  the  side  surfaces  of  the  deflecting 
element.  Obviously,  the  highest  surface  loss  density  is 
also  on  the  sides  of  the  deflector.  However,  its  cooling 
should  not  present  a  problem  since  the  deflecting  element 
is  thick  enough  to  allow  multiple  cooling  channels. 
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Figure  6:  Electric  field  of  the  deflecting  mode  in  the  right 
lower  quarter  of  the  cavity  cross  section.  The  beam  path 
is  along  the  upper  side  of  the  drawn  box. 

A  simple  way  to  tune  the  operating  mode  frequency  in 
the  design  is  by  changing  the  radius  of  the  deflecting 
element  base,  where  the  magnetic  field  is  rather  large. 
The  parameters  of  the  working  mode  of  the  RF  deflector 
are  collected  in  Table  2.  The  cavity  voltage  is  chosen  to 
provide  the  required  deflection  of  1.28°. 


Table  2:  Parameters  of  Deflecting  Mode 


Parameter 

Value 

Deflecting  E  field:  maximum 
average  in  the  gap 

19.7  MV/m 

11.6  MV/m 

Maximum  E  field 

33.2  MV/m  (1.7  Kp) 

Maximum  B  field 

0.025  T 

Total  stored  energy 

0.213  J 

Total  dissipated  power* 

44.5  kW 

Max  power  loss  density* 

146  W/cm2 

Voltage  across  the  gap 

316  kV 

O-factor 

12105 

*CW;  for  SNS,  should  be  multiplied  by  the  duty  factor,  about  0.07. 


The  cavity  parameters  are  not  difficult  to  achieve.  We 
have  also  looked  at  a  possibility  of  an  RF  deflector  cavity, 
which  includes,  in  addition  to  the  main  deflecting  mode, 
also  the  third  harmonic  of  the  deflecting  field,  at  1207.5 
MHz.  The  cavity  design  is  similar  to  that  shown  in  Fig.  4. 
The  third  harmonic  tuning  to  the  required  frequency  is 
done  by  adding  a  wide  circular  bulge  at  the  half-height  of 
the  deflecting  element,  see  Fig.  7.  The  tuner’s  influence 
on  the  frequency  of  the  first  harmonic  is  relatively  weak. 
If  required,  using  the  third  harmonic  can  further  relax  the 
cavity  operational  parameters;  however,  the  price  of  that 
is  a  more  complicated  RF  system,  with  two  separate  RF 
sources. 


Figure  7:  RF  deflector  cavity  with  the  3rd  harmonic  tuned 
(one  eighth). 


4  SUMMARY 

The  preliminary  results  reported  above  show  that  the 
special  cavities  for  the  two-beam  funnel  in  the  SNS  are 
feasible.  The  cavity  dimensions  will  be  used  in  beam 
dynamics  simulations  to  optimize  the  funnel '  section 
design. 

The  calculated  dissipated  power  and  the  density  of 
power  loss  quoted  in  Tables  1  and  2  are  CW  values.  They 
are  rather  high  and  would  be  extremely  difficult  to 
achieve  for  the  CW  operation.  However,  the  SNS  is  a 
pulsed  machine.  The  corresponding  power  losses  in  the 
SNS  funnel  cavities,  obtained  by  multiplying  the  CW 
values  in  Tables  1  and  2  by  the  duty  factor  0.07,  are  quite 
reasonable. 

The  authors  would  like  to  acknowledge  useful 
discussion  with  James  Billen  and  George  Neuschaefer. 
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Thermal/Structural  Analysis  and  Frequency  Shift  Studies  for  the  Spallation 
Neutron  Source  (SNS)  Drift  Tube  Linac 

L.  Parietti*.  N.  K.  Bultman,  and  Z.  Chen,  LANL,  Los  Alamos,  NM 


Abstract 

The  drift  tube  linac  of  the  Spallation  Neutron  Source 
accelerates  the  beam  from  2.5  MeV  to  20  MeV  at  the 
operating  frequency  of  402.5  MHz.  This  pulsed  operating 
linac  is  about  9  meters  long  and  consists  of  84  cells  with 
83  permanent  magnet  quadrupole  drift  tubes.  The  DTL 
relies  on  the  cooling  system  to  zero  out  the  frequency  shift 
caused  by  RF  heating  on  the  cavity  walls.  Thermal 
expansion  and  frequency  shift  studies  for  three  individual 
cells  at  a  3xl06  V/m  accelerating  gradient  are  performed 
via  numerical  simulations  to  help  guide  the  design  of  the 
cooling  channels. 

1  INTRODUCTION 

The  Spallation  Neutron  Source  (SNS)  is  an  accelerator- 
based  facility  that  will  be  built  at  Oak  Ridge  National 
Laboratory  by  2005.  The  SNS  will  produce  pulsed  beams 
of  neutrons  by  bombarding  a  mercury  target  with  intense 
beams  of  1-Gev  protons.  This  facility  is  being  designed  to 
meet  the  needs  of  the  neutron  scattering  community  in  the 
United  States. 

The  SNS  project  is  a  collaboration  of  five  national 
laboratories.  A  full-energy  linac  injecting  into  an 
accumulator  ring  has  been  selected  among  several 
technology  options  for  the  accelerator  system.  The  beam 
generated  by  an  ion  source  is  accelerated  in  the  linac, 
accumulated  and  bunched  in  the  ring  structure,  then 
extracted  and  transported  to  the  target. 

Los  Alamos  National  Laboratory  is  responsible  for  the 
linac  systems.  The  linac  takes  the  beam  from  the  front- 
end  system  and  accelerates  it  from  2.5  MeV  to  1.0  GeV. 
It  consists  of  a  Drift-Tube  Linac  (DTL)  that  accelerates 
the  beam  to  20  MeV,  a  Coupled-Cavity  Drift  Tube  Linac 
(CCDIL)  that  accelerates  the  beam  to  87  MeV,  and  a 
Coupled-Cavity  Linac  (CCL)  that  accelerates  the  beam  to 
1  GeV.  The  DTL  operates  at  a  Radio  Frequency  (RF)  of 
402.5  MHz,  while  the  CCDTL  and  CCL  operate  at  805 
MHz. 

Under  normal  operation  (beam  on),  about  80%  of  the  RF 
power  is  dissipated  in  the  cavity  walls.  This  amounts  to 
76  kW  at  a  7%  RF  duty  factor.  The  power  dissipated 
causes  thermal  distortions  (i.  e.,  shape  change)  which 
result  in  a  frequency  shift.  To  maintain  the  desired 
resonance  frequency,  each  cavity  is  cooled  by  forced 
water  circulation. 

This  paper  summarizes  the  frequency  shift  studies 
conducted  for  the  SNS  DTL.  This  DTL  consists  of  one 


tank  and  83  drift  tubes  that  are  cooled  on  two  separate 
circuits.  The  thermal  deformations  resulting  from  RF 
heating  are  evaluated  separately  for  both  the  tank  and 
three  individual  drift  tubes  using  finite  element  models. 
The  frequency  shift  of  these  three  cells  are  then  computed 
based  on  the  calculated  deformations.  Size  and  location 
of  the  cooling  channels  are  designed  to  provide  adequate 
cooling  and  resonant  frequency  control. 

2  SNS  DRIFT  TUBE  LINAC 
DESCRIPTION 

The  SNS  DTL,  shown  in  Fig.  1,  is  8.3  m  long  and 
accelerates  the  beam  from  2.5  MeV  to  20  MeV  at  a  3xl06 
V/m  accelerating  gradient.  It  consists  of  one  tank,  84  cells 
and  83  drift  tubes. 


Figure  1:  SNS  Drift  Tube  Linac 


The  DTL  tank  combines  vacuum  envelope  and  RF 
structure,  and  provides  mechanical  rigidity  to  the 
assembly.  The  tank  is  made  of  4  seamless  carbon-steel 
cylinders  with  a  finished  wall  thickness  of  about  2.8 
inches.  The  inner  diameters  are  machined  and  copper- 
plated  to  achieve  the  final  dimension  and  the  required 
surface  conductivity.  The  cylinders  are  about  2  meters 
long  each  and  are  bolted  together  with  RF  and  vacuum 
seals  at  each  joint. 

Each  of  the  83  drift  tubes  contains  a  permanent  magnet 
quadrupole.  The  geometry  of  the  drift  tubes  (fig.  2) 
changes  with  their  position  along  the  DTL  (since  the 
energy  level  increases);  the  face  angle  increases  from  3°  to 
55°,  while  the  length  increases  from  4.3  cm  at  2.5  MeV  to 
12.4  cm  at  20  MeV.  Figure  3  shows  a  cross-section  of  the 
highest  energy  drift  tube.  The  drift  tube  body,  made  of 
copper,  consists  of  5  electron-beam  (EB)  welded  parts. 
The  body  is  brazed  to  the  stainless  steel  stem  before  the 
magnet  is  inserted.  The  stem  consists  of  two  concentric 
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tubes  serving  as  inlet  and  outlet  ducts  for  the  cooling 
water. 


Figure  2:  SNS  DTL  drift  tubes  at  2.5  and  20  MeV 


r  Water  outlet 

--••Electron  beam  weld  joint 


Figure  3:  SNS  DTL  drift  tube  cross-section  at  20  MeV 


3  TEMPERATURE  DISTRIBUTIONS  DUE 
TO  RF  HEATING 


average  temperature  on  the  inside  wall  is  298.5K.  These 
calculated  values  are  used  later  to  evaluate  the  frequency 
shift  of  a  DTL  cell  in  the  drift  tube  model  (Section  4). 


Figure  4:  Tank  temperature  distribution 
3.2  Drift  Tube 

Cooling  channels  are  machined  in  the  drift  tube  body. 
The  flow  of  water  is  fed  through  the  outer  tube  of  the 
stem,  splits  in  half,  circulates  around  the  drift  tube  body 
and  exits  trough  the  stem  inner  tube. 

Two-dimensional  axisymmetric  models  for  three 
individual  drift  tubes  at  2.5,  10.5  and  20  MeV  were  built 
using  COSMOS/M.  The  amount  of  heat  dissipated  on  the 
drift  tube  outside  walls  is  not  uniform.  The  heat  fluxes 
resulting  from  RF  heating  are  given  by  the  physics  code 
SUPERFISH. 

Figure  5  shows  the  temperature  distribution  for  the  high 
energy  drift  tube  assuming  a  water  temperature  of  293.2K. 

\^~Tank  average  temperature 


3.1  Tank  Wall 

When  the  RF  is  turned  on,  about  32  kW  are  dissipated  into 
the  tank  walls.  To  compensate  for  the  thermal  distortions 
caused  by  RF  heating,  the  tank  is  cooled  via  12 
rectangular  stainless-steel  cooling  channels  (1  in  wide  by 
0.5  inches  high)  that  are  bonded  and  clamped  in  machined 
groves  on  the  tank  walls.  The  cooling  channels  are 
located  1  inch  away  from  the  inside  wall.  An  average  30° 
angle  separates  two  cooling  channels.  Taking  advantage 
of  the  problem  periodicity,  a  two-dimensional  finite 
element  model  of  a  15°  tank  section  was  created  using 
COSMOS/M.  The  water  velocity  is  assumed  to  be  0.5 
m/s,  which  gives  a  heat  transfer  coefficient  of  2511 
W/m2K  for  this  channel  geometry.  This  heat  transfer 
coefficient  is  applied  on  the  outer  edges  of  the  cooling 
channels  to  simulate  a  forced  convection  boundary 
condition.  All  the  other  outer  surfaces  are  assumed 
adiabatic. 

Figure  4  shows  the  tank  temperature  distribution  when  the 
water  running  through  the  cooling  channels  is  at  293. 2K. 
The  average  tank  temperature  is  297.4K,  while  the 


Figure  5:  High  energy  drift  tube  temperature  distribution 
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The  cooling  channels  are  1  inch  wide  by  0.06  inch  high. 
They  are  placed  as  close  as  possible  from  the  outer  edges 
to  provide  maximum  cooling.  At  the  interface  between 
parts,  the  only  heat  transfer  paths  are  across  the  EB  welds. 
Small  physical  gaps  are  conservatively  included  in  the 
model  when  there  is  only  surface  contact  between  two 
parts.  The  flow  rate  through  the  drift  tube  stem  is  limited 
to  2.19  gpm  to  avoid  having  an  impingement  velocity  on 
the  drift  tube  body  greater  than  2.5  m/s  which  would  cause 
material  erosion.  This  flow  rate  corresponds  to  a  water 
velocity  of  1.7  m/s  and  gives  a  heat  transfer  coefficient  of 
9607  W/m2K. 

4  FREQUENCY  SHIFT  STUDIES 

Thermal  distortions  caused  by  RF  heating  result  in  a 
frequency  shift  as  the  shape  of  the  cavity  changes.  For 
any  given  cell,  the  change  in  frequency  shift  can  be 
calculated  using  the  Slater  perturbation  theory.  The 
change  in  frequency  df  is  a  function  of  the  volume  change 
of  an  infinitesimal  volume  dV  laying  on  the  RF  surface,  as 
well  as  the  electromagnetic  field  H  and  the  electric  field  E 
for  this  volume.  The  frequency  shift  is  given  by: 

df  \(MH2~£E2)dV 
f~  4  U 

where  p  and  e  are  the  free  space  permeability  and 
permittivity,  respectively  and  U  is  the  cavity  stored 
energy. 

For  a  DTL,  both  the  tank  deformations  (radial  and 
longitudinal)  and  the  drift  tube  deformations  contribute  to 
the  frequency  shift.  To  account  for  the  tank  deformations, 
beam  elements  are  added  to  the  drift  tube  model  described 
in  section  3.2.  These  beam  elements,  as  shown  in  Fig.  5, 
are  set  to  a  uniform  temperature  corresponding  to  the 
inside  tank  wall  temperature  and  the  average  tank  wall 
temperature  to  simulate  the  radial  and  the  longitudinal 
growth  of  the  tank.  The  thermal  deformations 
corresponding  to  the  drift  tube  and  the  tank  temperature 
profile  are  then  solved  using  the  COSMOS/M  finite 
element  package.  A  separate  Fortran  code  reads  the 
displacements  output  by  the  finite  element  package  and 
computes  the  frequency  shift  of  the  cell.  The  frequency 
shift  for  the  high  energy  drift  tube  for  a  flow  rate  of  2.19 
gpm  is -31  KHz. 

The  cooling  system  can  be  used  in  several  ways  to  zero 
out  the  frequency  shift  caused  by  RF  heating.  The 
resonant  frequency  can  be  controlled  by  either  changing 
the  temperature  of  the  water  in  the  tank  circuit  or  by 
changing  the  water  temperature  in  the  drift  tube  circuit. 
The  frequency  shift  studies  can  help  in  the  decision 
making.  The  sensitivity  of  the  drift  tube  circuit  to  water 
temperature  changes  was  investigated  using  the  model 
described  above.  The  drift  tube  circuit  frequency  shift  is  5 
to  8  times  more  sensitive  to  water  temperature  changes 
than  the  tank  circuit  (5  times  for  the  low  energy  drift  tube 


and  8  times  for  the  high  energy  one).  Furthermore, 
compensating  for  frequency  shift  by  regulating  the  tank 
cooling  water  would  require  operating  the  tank  walls  at 
exceedingly  high  temperatures  (300  to  373K).  Varying 
the  water  in  the  tank  circuit  to  zero  out  the  cavity 
frequency  shift  is  therefore  not  practical.  Instead,  the 
cooling  water  temperature  in  the  drift  tube  circuit  will  be 
dynamically  controlled  to  maintain  resonance. 

However,  the  heat  dissipated  on  the  drift  tube  outside 
walls  increases  as  the  energy  level  increases  (0.2  kW  for 
the  low  energy  drift  tube  compared  to  0.5  kW  for  the  high 
energy  drift  tube).  To  avoid  field  errors  and  frequency 
mismatch,  the  frequency  shift  needs  to  be  the  same  for  all 
the  DTL  cells.  This  will  be  achieved  by  adjusting  the 
flow  rate  using  an  orifice  plate  for  each  individual  drift 
tube.  Figure  6  shows  the  frequency  shift  for  the  cells 
containing  drift  tubes  #1,  #53  and  #83  as  a  function  of  the 
flow  rate.  In  addition  to  balancing  the  flow  rate  between 
the  83  drift  tubes,  the  width  of  the  cooling  channels  is 
tailored  to  keep  the  flow  turbulent. 

From  a  practical  standpoint,  the  structure  will  be  tuned 
during  final  assembly  to  +30  KHz  to  give  a  nominal  402.5 
MHz  resonance  during  powered  operation.  The 

temperature  of  the  flow  balanced  system  can  also  be 
adjusted  during  operation  to  correct  for  additional 
frequency  shift.  Its  sensitivity  is  about  -7.5  KHz/K. 

0.44  0.55  0.73  1.1  2.19 


Figure  6:  Flow  balancing  between  drift  tubes  to  maintain  a 
uniform  frequency  shift  across  the  DTL  cells 

5  CONCLUDING  REMARKS 

The  DTL  resonant  frequency  must  be  regulated  by  the 
cooling  system.  Frequency  shift  studies  for  three  DTL 
cells  at  2.5,  10.5  and  20  MeV  were  performed  to  help 
design  the  cooling  channels.  Resonance  will  be 
maintained  by  dynamically  adjusting  the  water 
temperature  in  the  drift  tube  circuit.  A  uniform  frequency 
shift  for  all  84  cells  can  be  obtained  by  balancing  the  flow 
rate  and  tailoring  the  cooling  channels  for  each  individual 
drift  tube. 

This  work  is  supported  by  the  Department  of  Energy  and 
the  Oak  Ridge  National  Laboratory. 
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MECHANICAL  ENGINEERING  OF  A  LINAC  FOR  THE  SPALLATION 

NEUTRON  SOURCE* 

N.  K.  Bultman,  Z.  Chen,  M.  Collier,  J.  L.  Erickson* ,  A.  Guthrie,  W.  T.  Hunter,  T.  Ilg,  R.  K.  Meyer, 

N.  L.  Snodgrass,  LANL 


Abstract 

The  linac  for  the  Spallation  Neutron  Source  (SNS)  Project 
will  accelerate  an  average  current  of  1  mA  of  H'  ions  from 
20  MeV  to  1  GeV  for  injection  into  an  accumulator  ring. 
The  linac  will  be  an  intense  source  of  H'  ions  and  as  such 
requires  advanced  design  techniques  to  meet  project 
technical  goals  as  well  as  to  minimize  costs.  The  DTL, 
CCDTL  and  CCL  are  466m  long  and  operate  at  805  MHz 
with  a  maximum  H'  input  current  of  28  mA  and  7%  RF 
duty  factor.  The  Drift  Tube  Linac  is  a  copper-plated  steel 
structure  using  permanent  magnet  quadrupoles.  The 
Coupled-Cavity  portions  are  brazed  copper  structures  and 
use  electromagnetic  quads.  RF  losses  in  the  copper  are  80 
MW  peak,  with  RF  power  supplied  by  52  klystrons. 
Additionally,  the  linac  is  to  be  upgraded  to  the  2-  and  4- 
MW  beam  power  levels  with  no  increase  in  duty  factor. 
We  give  an  overview  of  the  linac  mechanical  engineering 
effort  and  discuss  the  special  challenges  and  status  of  the 
effort. 

1  INTRODUCTION 

Los  Alamos  will  design,  build  and  install  the  1-MW  H' 
linac  for  the  SNS  facility.  The  mechanical  engineering 
responsibility  for  the  linac  includes  design,  analysis, 
fabrication,  assembly,  installation  &  mechanical 
checkout.  The  total  cost  estimate  for  the  mechanical 
engineering  effort  is  $130  M.  The  linac  accepts  a  2.5- 
MeV  H‘  beam  from  the  Front-End  System  being  built  by 
Lawrence  Berkeley  Lab.  The  Los  Alamos  linac  system  is 
comprised  of  three  major  structure  types.  A  Drift  Tube 
Linac  (DTL)  accelerates  the  input  beam  to  20  MeV,  a 
Coupled  Cavity  Drift  Tube  Linac  (CCDTL)  accelerates 
the  beam  to  87  MeV,  and  a  Coupled  Cavity  Linac  (CCL) 
completes  the  acceleration  to  1  GeV  and  delivers  the 
beam  to  the  Brookhaven-designed  High  Energy  Beam 
Transport  line  that  leads  to  the  accumulator  ring.  The 
CCL  is  comprised  of  an  8-cell  per  segment  section  and  a 
10-cell  per  segment  section  with  the  transition  point  at 
295  MeV.  The  DTL  runs  at  402.5  MHz  while  all  the 
coupled  cavity  structures  run  at  805  MHz. 

2  DESIGN  REQUIREMENTS 

Selected  requirements  and  overall  design  parameters  are 
listed  in  Table  1.  The  design  activity  is  being  completed 
using  the  Unigraphics  suite  of  computer-aided  design  and 


manufacturing  tools.  This  includes  the  UG/MGR  and 
IMAN  product  data  management  tools.  Other 
engineering  software  packages  being  used  include 
ANSYS,  COSMOS/M  and  CFX. 


Table  1 .  Overall  linac  requirements 

Input  H-  Energy 

2.5  MeV 

Output  H-  Energy 

1001  MeV 

Average  Beam  Current 

1 .04  mA 

Average  Beam  Power 

1.04  MW 

Macropulse  Repetition  Rate 

60  Hz 

Macropulse  Length 

0.974  ms 

Beam  Duty  Factor 

5.84% 

Overall,  the  design  of  the  SNS  linac  is  similar  to  the 
LANSCE  linac.  The  primary  difference  is  that  the 
accelerating  gradient  is  twice  as  high,  allowing  a  much 
shorter  linac  with  higher  RF  power.  The  design  must  be 
capable  of  being  upgraded  to  the  2  MW  level  by  doubling 
the  current  and  the  4  MW  level  by  funneling  at  20  MeV. 
To  prepare  the  structure  for  these  upgrades,  each 
accelerating  module  (driven  by  two  2.5  MW  klystrons  for 
the  1  MW  linac  output  level)  is  designed  with  a 
terminated  drive  port  to  accept  a  third  klystron. 


Table  2  Linac  Design  Parameters 

Average  Accelerating  Gradient,  EOT 

2.7  MV/m 

Avg  Energy  Gain/Real  Estate  Meter 

2.02  MeV/m 

Peak  Structure  Power  Losses 

80.2  MW 

Peak  RF  Power 

97.8  MW 

RF  Duty  Factor 

7.02% 

Average  RF  Power  to  Linac 

6.8  MW 

No.  1.25  MW  402.5  MHz  Klystrons 

2 

No.  of  2.5  MW  805  MHz  Klystrons 

52 

Physical  Length  of  Linac 

466  m 

Linac  Vacuum 

<lxl0'7  torr 

Linac  Tunnel,  Width  x  Height 

14  x  10  ft 

Beam-Floor  Distance 

5  ft 

The  linac  vacuum  requirement  of  <1x1  O'7  torr  is  based  on 
less  than  1  nA/m  beam  loss  at  1  GeV.  Beam  loss  also 
drives  the  linac  aperture,  which  varies  from  2.5  to  4  cm 
diameter.  The  aperture  is  generally  set  to  10  times  the 
rms  beam  size  at  higher  energies.  The  aperture  has 
recently  been  increased  in  the  upstream  structures  to 
provide  a  negligible  probability  of  beam  loss.  Additional 
linac  design  parameters  are  listed  in  Table  2. 


*  Work  supported  by  the  Office  of  Science,  Basic  Energy  Sciences,  of  the  U.S.  Department  of  Energy;  and  the  Oak 
Ridge  National  Laboratory. 
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3  DRIFT  TUBE  LINAC 

The  lattice  period  for  the  DTL  is  4  PX  at  402.5  MHz 
(equivalent  to  8  PX  at  805  MHz).  The  design  has  recently 
been  changed  to  a  single  tank  design  rather  than  a  two- 
tank  design.  This  eliminates  the  complexity  of  hardware 
design  in  the  lbl  intertank  region  that  would  have 
included  2  end  walls  and  beam  diagnostics.  The  single 
tank  shown  in  Figure  1  will  be  built  up  from  4  tank 
sections  bolted  together  to  make  the  8.3  m  long  structure. 
The  tank  has  84  cells  with  82  drift  tubes  with  permanent 
magnet  quadruples.  The  tanks  are  copper  plated,  thick- 
walled  steel  tubes  in  which  the  drift  tube  supports  are 
integrated  into  the  walls  rather  than  relying  on  a  separate 
girder  support.  The  drift  tubes  are  brazed  and  electron 
beam  welded  structures  with  stainless  steel  stems,  copper 
bodies  and  samarium-cobalt  permanent  magnet 
quadrupoles.  Post  couplers  are  used  to  stabilize  and  tune 
the  longitudinal  field  distribution. 

RF  power  will  be  coupled  to  the  tank  via  4  drive  loops. 
The  peak  RF  structure  power  loss  is  0.994  MW.  The 
DTL  will  be  water  cooled  and  tuned  by  adjusting  the 
coolant  temperature  according  to  feedback  from  the  RF 
frequency  measurement.  During  initial  assembly,  and 
prior  to  installation  on  the  beamline,  the  structures  will  be 
aligned  one  tank  section  at  a  time  using  a  pulsed  taut  wire 
system.  Each  tank  section  will  be  aligned  to  the  next 
section  by  aligning  the  first  drift  tube  only,  then  removing 
the  upstream  tank  and  aligning  the  remaining  drift  tubes 
in  the  downstream  tank  to  the  first.  The  DTL  is  in  it’s 
preliminary  design  phase  with  the  preliminary  design 
review  scheduled  for  the  end  of  FY  ’99.  Prototype  tanks 
sections  are  being  machined  and  plated,  prototype 
magnets  are  being  built  and  prototype  drift  tubes  will  be 
built  during  the  summer  of  ’99. 
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Figure  1:  DTL  Layout 

4  COUPLED  CAVITY  DRIFT  TUBE  LINAC 

The  CCDTL  consists  of  91  segments  and  has  a  total 
length  of  59  m.  The  segments  are  arranged  into  2  RF 
modules,  which  are  33  and  26  m  in  length.  The  peak 
structure  power  loss  is  6.5  MW.  Each  module  is  driven 


by  2  RF  klystrons  coupled  to  the  structure  with  waveguide 
irises.  The  structure  consists  of  2  cells  per  segment,  where 
a  segment  refers  to  a  continuous  brazed  section  of 
accelerating  cavities  between  two  quadrupole  focusing 
magnets.  Each  accelerating  cavity  contains  a  drift  tube. 
The  lattice  period  for  both  the  CCDTL  and  the  CCL  is  12 
pX. 


Figure  2:  CCDTL  Layout  -  Section  1  of  RF  Module  1 

The  CCDTL  layout  of  the  upstream  end  of  the  first  RF 
module  is  shown  in  Figure  2.  An  electromagnetic 
quadrupole  singlet  is  located  between  segments  of  RF 
structure.  Beam  diagnostic  elements  are  also  located  in 
these  intersegment  spaces  as  necessary.  These 
intersegment  spaces  are  6  pX/2  in  length  and  are  spanned 
by  long  coupling  cavities.  The  long  intersegment 
coupling  cells  will  be  fitted  with  an  internal  tuning  nose  to 
provide  for  ease  of  disassembly.  Because  of  the  space 
needed  for  a  magnet,  diagnostics  and  vacuum  flanges, 
special  attention  has  been  paid  to  this  area.  During  the 
preliminary  design,  many  refinements  to  the  physics 
design  have  been  made  to  provide  additional  spacing 
between  the  segments.  In  addition,  special  vacuum  seals 
and  flanges  are  being  tested  to  minimize  the  space 
occupied  by  these  components. 


Figure  3:  Septum  cooling  channel  configuration 


In  achieving  the  desired  accelerating  gradient  (3  MV/m), 
the  copper  power  density  has  been  pushed  to  the  point 
that  internal  cooling  of  the  cavity  and  drift  tubes  is 
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required.  The  preliminary  design  has  two  cooling 
circuits,  one  for  the  bulk  copper  accelerator  cavity  and  a 
second  for  the  drift  tubes.  In  order  to  minimize  the 
temperature  differential  (and  resultant  stresses)  in  the 
structure,  the  septum  between  the  accelerator  cavities  is 
provided  with  internal  cooling  channels.  The  current 
configuration  for  these  cooling  channels  is  shown  in 
Figure  3. 

5  COUPLED  CAVITY  LINAC 

The  bulk  of  the  acceleration,  87  MeV  to  1  GeV,  takes 
place  in  the  CCL.  The  CCL  consists  of  256  segments 
and  has  a  total  length  of  399  m.  There  are  24  RF  modules 
of  which  the  longest  is  19.8  m.  The  majority  of  the 
modules  are  between  15  and  18  m  in  length.  Peak 
structure  power  loss  in  the  CCL  is  71.6  MW.  The  low 
energy  portion  has  8  cells  per  segment  while  the  high- 
energy  portion  has  10  cells  per  segment.  The 
intersegment  spaces  are  2  fM,  in  the  8-cell  CCL  and  1  (3 A. 
in  the  10  cell  CCL.  This  provides  sufficient  space  for 
electromagnetic  quadrupoles  and  diagnostics  at  all 
energies.  All  the  coupled  cavity  structures  use  an  even 
number  of  cells  per  segment  so  that  the  long  intersegment 
coupling  cells  will  be  on  the  same  side  of  the  structure  in 
order  to  simplify  the  mechanical  design.  Similarly,  all 
intersegment  spacings  are  even  multiples  of  PA/2  so  that 
the  coupling  cavities  are  oriented  parallel  to  the 
accelerator  axis  to  simplify  the  mechanical  design. 
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Figure  3:  CCL  Hot  Model  Layout 

The  major  effort  now  is  on  modeling  the  structures.  Cold 
models  of  the  low  and  high-energy  ends  of  the  CCL  are 
being  fabricated  and  tested  now  and  will  be  followed  by 
construction  of  a  hot  model  which  is  to  be  tested  early 


next  year.  The  layout  of  the  hot  model  for  the  CCL  is 
shown  in  Figure  3. 

6  COUPLED  CAVITY  FABRICATION 

There  are  numerous  options  for  fabrication  of  the  coupled 
cavity  structures.  One  area  of  review  is  the  extent  to 
which  vacuum  brazing  may  be  introduced  in  the  plan  in 
place  of  the  historical  Los  Alamos  choice  of  hydrogen 
brazing.  Another  area  is  the  balance  between  industry 
fabrication  and  in-house  Los  Alamos  fabrication.  These 
options  are  under  study  with  the  evaluation  parameters 
being:  technical  risk,  schedule  risk,  overall  cost,  quality  of 
the  final  product  and  transfer  of  manufacturing 
technology  to  industry. 

The  current  fabrication  plan  for  the  structures  utilizes 
capabilities  both  in  industry  and  at  Los  Alamos.  The 
material  is  OFE  copper  and  we  are  in  the  process  of 
qualifying  material  vendors  prior  to  the  large  procurement 
of  raw  material.  The  key  to  fabricating  these  structures  is 
to  interleave  the  brazing  processes  with  the  RF  tuning 
processes.  Our  plan  is  to  machine,  measure,  and  braze 
half-cells  at  shops  in  industry.  The  septum  brazes  required 
to  create  these  half-cells  are  the  critical  water-cooling 
channel  to  vacuum  brazes  which  will  be  accomplished 
using  foil  braze  material.  There  will  be  approximately 
2000  of  these  brazed  subassemblies  required  for  the 
CCDTL  and  CCL,  including  an  allowance  for  scrap  and 
rework.  Once  these  feeder  parts  are  completed,  they  will 
be  shipped  to  Los  Alamos  for  final  tuning  and  stack 
brazing  steps.  Once  the  stacks  are  completed  (2  cells  for 
the  CCDTL  and  8  or  10  cells  for  the  CCL,  the  RF 
structure  subassemblies  are  ready  to  be  assembled  into  the 
beam  line  assembly.  Final  assembly  of  the  beam  line 
elements  will  take  place  at  the  ORNL  site. 

The  current  preferred  site  for  the  SNS  linac  is  the 
Chestnut  Ridge  site  at  ORNL.  Due  to  the  geology  of  the 
area,  settlement  of  the  building  site  has  been  a  concern. 
This  has  required  additional  design  effort  in  providing  for 
the  range  of  alignment  features.  In  addition,  the 
previously  envisioned  monument  system  in  the  building 
structure  is  being  reviewed  to  determine  if  it  is  practical  in 
this  environment. 

7  CONCLUSION 

The  mechanical  design  of  the  linac  for  the  Spallation 
Neutron  Source  is  proceeding  into  the  preliminary  design 
phase.  During  this  fiscal  year,  nilmerous  test  pieces  will 
be  fabricated,  cold  and  hot  models  will  be  fabricated  and 
the  overall  manufacturing  plan  will  be  further  developed. 
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PROJECT  STATUS  OF  THE  1-GeV  SNS  LINAC* 

R.  A.  Hardekopf*.  D.  S.  Stout,  T.  D.  Sutton,  LANL,  Los  Alamos,  NM 


Abstract 

The  U.S.  Department  of  Energy  has  initiated  construction 
of  a  $1.3  B  Spallation  Neutron  Source  (SNS)  to  be  located 
at  Oak  Ridge,  Tennessee.  Five  national  laboratories,  ANL, 
BNL,  LANL,  LBNL,  and  ORNL  are  collaborating  in  the 
design  and  construction  of  this  major  new  U.S.  neutron 
science  facility.  The  present  design  is  a  60  -Hz,  1-GeV  H 
linac  injecting  into  an  accumulator  ring  to  produce  pulses 
of  <l-|is  on  the  neutron-producing  target.  The  accelerator 
design  has  been  refined  from  the  CDR  concept  to  provide 
improvements  in  assembly  and  maintainability.  A 
converter-modulator  design  using  IGBT  technology 
replaces  the  conventional  RF  system  to  power  the 
accelerating  cavities.  Cost  estimates  for  the  linac  have 
utilized  both  accelerator  modeling  codes  and  more 
conventional  cost-estimating  approaches.  Comparison  of 
these  two  methods  has  led  to  increased  confidence  in  the 
linac  cost  estimate  of  about  $300  M  (including  R&D  and 
controls  but  without  contingency).  A  Monte-Carlo 
simulation  of  the  project  cost  using  risk-based  analysis  has 
further  contributed  to  the  estimate  and  identified  critical 
areas.  The  project  uses  Primavera  Project  Planner  as  the 
scheduling  software.  A  linac  R&D  program  to  develop 
key  technologies  is  underway  at  Los  Alamos. 

1  LINAC  DESIGN 

The  basic  linac  architecture  has  not  changed  from  the 
CDR  in  June,  1997  [1].  The  energy  range  from  2.5  to 
1000  MeV  is  achieved  with  a  combination  of  structures:  a 
Drift  Tube  Linac  (DTL)  up  to  about  20  MeV,  a  Coupled- 
Cavity  Drift  Tube  Linac  (CCDTL)  to  about  100  MeV,  and 
a  side-Coupled-Cavity  Linac  (CCL)  to  the  final  energy. 
To  accommodate  engineering  constraints,  changes  to  the 
lattice  structure  were  made  in  the  spring  of  1998  to 
increase  inter-segment  spacing  and  to  place  all  coupling 
cavities  on  the  same  side  for  ease  of  assembly  and 
vacuum  pumping.  In  addition  to  documentation  in  the 
SNS  Design  Manual  [1],  this  architecture  was  reported  at 
two  conferences  [2,  3],  Parameters  of  this  scheme  and  the 
upgrade  path  to  higher  power  levels  are  shown  in  Table  1. 


Table  1:  Upgrade  path  in  June  1998. 


Number  of: 

1  MW 

2MW 

4  MW 

Accelerating  Segments 

367 

367 

367 

RF  Modules 

27 

28 

31 

805-MHz  klystrons 

56 

64 

80 

Although  this  was  an  improvement  over  the  CDR  design 
because  of  a  reduction  in  the  number  of  accelerating 
modules  from  56  (one  per  klystron)  to  27  (most  modules 
with  two  2.5-MW  peak  klystrons),  re-modularization  of 
some  of  the  segments  was  still  required  for  each  upgrade. 

Therefore,  as  part  of  a  value-engineering  exercise  by 
the  entire  SNS  project  we  decreased  the  number  of 
klystrons  required  at  1  MW  and  reduced  the  overall  linac 
length  by  about  20  meters.  We  accepted  that  any  upgrade 
would  require  increasing  RF  power  directly  to  the  4-MW 
level,  but  this  upgrade  now  requires  no  re-modularization. 
The  extra  beam  loading  from  1-MW  to  4-MW  power 
levels  results  in  almost  exactly  a  50%  increase  in  overall 
power  (structure  plus  beam),  obtained  by  adding  one 
klystron  to  each  two-klystron  module  (see  Table  2). 


Table  2:  Present  upgrade  path. 


Number  of: 

1  MW 

2  MW 

4  MW 

Accelerating  Segments 

345 

345 

345 

RF  Modules 

26 

26 

26 

805-MHz  klystrons 

52 

78 

78 

2  COST  ESTIMATES 

Cost  estimates  are  essential  to  determine  the  most 
effective  design  approach,  define  the  baseline,  obtain 
funding,  and  manage  the  project.  We  recount  here  a  brief 
history  of  the  SNS  linac  cost  estimates  and  compare 
different  methods  that  have  contributed  to  our  current 
projections. 

2.1  Engineering  Validation  Package,  1996 

The  first  official  estimate  of  the  SNS  linac  cost  was  made 
in  1996  as  part  of  the  Engineering  Validation  Package 
(EVP)  and  led  to  a  cost  of  $272  M.  This  was  a  bottoms- 
up  estimate  based  on  Los  Alamos  experience  with  similar 
linacs  and  component  prices.  It  was  not  complete  because 
it  did  not  include  several  project  costs  such  as 
management.  However,  the  data  were  useful  in  setting 
the  parameters  of  model-based  estimates  that  followed. 

2.2  ASM  Model  and  CDR,  1997 

To  take  advantage  of  the  work  that  has  recently  gone  into 
accelerator  modeling  codes  and  databases  [4],  Los 
Alamos  contracted  with  Northrop-Grumman  Corp.  (NGC) 
in  January,  1997  to  apply  their  Accelerator  Systems 
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Modeling  (ASM)  code  to  the  SNS  linac.  ASM 
incorporates  the  experience  of  multiple  projects  to 
increase  the  validity  of  the  code’s  design  options.  NGC 
has  also  developed  an  extensive  database  of  component 
costs  that  is  used  in  conjunction  with  ASM  to  estimate 
linac  costs.  The  results  of  the  ASM  code  and  database 
applied  to  the  SNS  linac  was  initially  $456M,  but  this 
now  included  all  project  costs,  including  controls, 
management,  and  overhead  estimates  as  well  as  20% 
contingency. 

We  were  able  to  reduce  this  model-estimated  cost  to 
the  official  CDR  number  of  $319  M  by  a  series  of 
aggressive  assumptions  that  were  documented  and 
reviewed.  The  management  challenges  included 
formation  of  a  fully  dedicated  project  team  with  low 
overhead  and  expedited  procurement  authority.  There 
were  also  broad  discounts  taken  in  materials  and 
installation  based  on  optimization  of  purchasing  through 
the  ORNL  construction  manager  and  use  of  low-cost  craft 
labor  for  installation  at  ORNL.  CDR  numbers  in  Table  3 
have  been  corrected  from  the  six-year  to  the  seven-year 
construction  schedule  recommended  by  the  CDR. 

2.3  Independent  Cost  Estimate,  1997,  and  DOE 
Validation,  1998 

Subsequent  changes  to  this  ASM-based  estimate  were 
applied  as  a  result  of  recommendations  by  the  CDR 
reviewers  and  by  an  Independent  Cost  Evaluation  (ICE) 
team  contracted  by  DOE.  The  seven-year  project  cost 
(TPC)  for  the  linac  subsystem  became  $330  M,  which 
included  20%  contingency  as  well  as  the  estimated 
Tennessee  tax  on  purchased  components  of  about  $11  M. 
Changes  were  made  to  the  Work  Breakdown  Structure 
(WBS)  including  moving  all  controls  to  a  separate  WBS 
element  and  moving  the  bunch  rotator  (about  $4  M)  from 
the  ring  to  the  linac  costs.  A  significant  amount  was 
added  to  the  R&D  budget  to  do  crucial  structure  modeling 
and  to  develop  IGBT  technology  for  the  RF  power 
system.  This  was  the  situation  at  the  time  of  the  June, 
1998  DOE  validation  review,  at  which  time  the  linac 
fully-burdened  and  escalated  construction  costs  were 
estimated  at  $260  M  with  an  additional  $74.5  M  for 
controls,  TN  tax,  and  contingency,  for  a  linac  TPC 
contribution  of  $334.5  M. 

2.4  Bottoms-Up  Estimate,  1998-1999 

In  the  summer  of  1998  we  conducted  a  new  bottoms-up 
estimate  to  verify  linac  costs.  At  the  same  time,  we 
incorporated  several  value-engineering  steps  to  reduce 
costs,  including  shortening  the  linac  and  implementing  the 
IGBT  converter-modulator  RF  system  based  on  our  initial 
R&D  studies.  The  present  cost  also  reflects  a  reduced 
number  of  klystrons  at  1  MW  as  discussed  earlier  and  the 
addition  of  a  RF  power  system  for  the  Front-End  RFQ 
(about  $2  M).  As  a  result  of  these  and  previous  scope 
changes,  it  is  not  appropriate  to  directly  compare  bottom- 
line  estimates.  Table  3  tracks  the  cost  evolutions  for  the 


major  categories  including  the  assumptions  valid  at  each 
major  review. 


Table  3.  Summary  of  SNS  Linac  cost  estimate  ($M), 


EVP 
(Dec.  96) 

CDR,  7  yr. 

(Jun.  97) 

Validation 

(Jun.  98) 

Present 
(Jan.  99) 

197.6 

245.3 

260.0 

266.6 

Controls 

19.6 

13.8 

13.8 

19.4 

TN  tax  &  CM 

Not  Incl. 

14.6 

11.2 

11.2 

Contingency 

54.3 

46.5 

49.5 

? 

R&D 

Not  Incl. 

7.0 

16.8 

13.6 

If  one  corrects  for  the  major  changes  in  scope  (e.g.,  six  to 
seven  years,  bunch  rotator,  402.5-MHz  system  for  RFQ, 
increased  R&D  for  hot  models  and  IGBT  system),  the 
estimates  are  not  too  dissimilar  during  this  two-year 
period  after  the  CDR,  using  the  different  estimating 
methods.  One  conclusion  that  can  be  drawn  is  that  the 
linac  modeling  and  cost-estimating  tool  available  with 
ASM  can  give  a  quite  dependable  first  estimate. 

3  COST  RISK  ANALYSIS 

Near  the  completion  of  the  present  bottoms-up  cost 
estimate,  Los  Alamos  contracted  with  Hulett  & 
Associates  [5]  to  complete  a  cost  risk  analysis  based  on 
the  cost  data.  The  purpose  of  this  methodology  is  to  give 
project  managers  statistical  information  gathered  from  the 
technical  experts  in  each  system  as  an  aid  to  assessing 
overall  cost  risks  and  which  areas  are  the  most  vulnerable 
to  cost  overruns.  The  methodology  applied  was  a  series 
of  in-depth  interviews  to  obtain  a  distribution  (a  triangular 
distribution  was  used  initially)  of  best  possible,  most 
likely,  and  worst  possible  costs  at  the  detailed  (WBS  level 
4  or  5)  cost  element,  as  well  as  obtaining  any  correlation 
that  might  exist  between  these  elements.  A  standard 
Monte-Carlo  analysis  then  yielded  probable  cost 
distributions  at  higher  WBS  levels  and  probability  curves 
that  could  help  in  justifying  contingency  levels.  For  the 
most  part,  this  analysis  confirmed  that  at  this  stage  of  the 
cost  estimate  a  contingency  level  of  20-25%  is 
appropriate  to  achieve  probabilities  in  the  80%  range. 
More  details  of  this  analysis  are  available  in  an  internal 
LANL  report. 

4  PROJECT  SCHEDULING 

Following  the  CDR,  we  implemented  Primavera  Project 
Planner  (P3)  to  schedule  and  track  project  performance. 
A  major  factor  in  this  choice  was  the  local  experience 
from  several  accelerator  projects,  including  APT.  Initial 
cost  elements  (based  on  the  ASM  model)  from  an  Excel 
spreadsheet  were  transferred  to  P3,  and  the  unburdened 
hours  and  costs  were  confirmed  as  identical  to  those  in  the 
ORNL  CDR  database.  Resource  tables  were  then  applied 
in  P3  to  more  precisely  define  personnel  costs,  based  on 
standard  rate  tables  published  by  Los  Alamos  for  the 
categories.  Official  burden  (G&A)  rates,  procurement 
recharge,  and  other  standard  factors  were  applied  as  part 
of  the  resource  table,  and  contingency  rates  published  by 
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DOE  were  used.  A  detailed  schedule  was  produced  in  P3 
that  closely  matches  the  project  schedule  [2]  proposed 
following  the  CDR.  The  SNS  project  has  standardized  on 
the  use  of  P3,  and  processes  are  in  place  to  exchange  files 
within  the  collaboration  and  to  generate  work  packages 
for  the  current  year.  Because  changes  in  schedule  impact 
cost  projections  in  P3,  however,  we  are  examining  other 
software  to  contain  the  baseline  cost  estimate. 

5  R&D PROGRAM 

A  vigorous  R&D  program  to  prove  crucial  design 
concepts  is  proceeding  in  parallel  with  the  first  two  years 


of  construction.  The  key  elements  of  this  program  are: 
completion  of  the  physics  design  for  the  cavities  [6],  cold 
models  and  hot  models  of  CCDTL  and  CCL  cavity 
segments  [7],  2.5-MW  peak  power  RF  klystrons  driven  by 
an  IGBT  converter-modulator  system  [8],  traveling- wave 
chopper  development  [9],  and  beam  dynamics  to  finalize 
error  tolerances.  Cold  models  have  been  constructed  and 
measured,  and  a  hot  model  consisting  of  two  CCL 
segments  will  be  built  this  year.  Figure  1  shows  the 
envisioned  extension  of  this  hot  model  to  include  several 
CCDTL  cells  next  year.  Results  of  the  R&D  program  are 
reported  in  other  papers  at  this  conference. 


CCL  SEGMENT  347 


Figure  1.  View  of  the  CCDTL  and  CCL  hot-model  assembly,  to  be  tested  in  FYOO. 
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Abstract 

Our  previous  work  on  high-power  efficient  X-Band 
TWT  amplifiers  has  used  a  two  stage  device  with 
bunching  produced  in  a  greater  than  light  phase  velocity 
region,  immediately  followed  by  a  short  low  phase 
velocity  output  structure.  The  device  is  driven  by  a  7mm 
diameter  750  kV,  450A  pencil  electron  beam.  The 
structure,  which  has  a  4  GHz  bandwidth  in  the  bunching 
section,  produces  an  amplified  output  with  a  power  in 
the  range  20-60  MW.  At  higher  output  powers  pulse 
shortening  develops.  A  serious  candidate  for  the  pulse 
shortening  is  excitation  of  the  HEM,,  mode  in  the 
structure.  This  mode  overlaps  the  frequency  domain  of 
the  desired  TM0,  mode.  We  have  designed  and  tested 
new  amplifier  structures  in  which  the  separation  of  these 
modes  is  substantially  increased.  The  performance  of  the 
new  amplifier(s)  will  be  compared  with  that  of  the  older 
device,  and  the  relevance  of  the  hybrid  modes  to  pulse 
shortening  assessed. 


1.  INTRODUCTION 

In  this  paper  we  describe  the  results  from  three  sets  of 
experiments  on  the  development  of  High-Power  X 
Band,  TWT  amplifiers.  Two  experimental  amplifiers 
have  been  used  in  this  work,  one  having  a  4  GHz  and 
the  other  a  2  GHz,  passband  in  the  TM0,  mode  in  the 
'bunching'  section.  A  distinguishing  feature  of  the  two 
amplifiers  is  the  relative  location  of  the  lower  branch  of 
the  HEM,,  mode  therein.  In  the  first  device  the  two 
modes  overlap,  whereas  in  the  second  there  is  no 
frequency  overlap.  The  dispersion  relations  are  shown 
in  figure  1. 

The  4  GHz  bandwidth  amplifier  has  been  studied  in  2 
modes  of  operation,  namely  with  an  immersed  diode 
and  secondly  with  beam  compression.  Operation  with 
beam  compression  limited  the  useful  beam  current  to 
about  200  A. 


kL/tc 


Fig  1  Dispersion  relation  of  the  two  lowest  modes 

2.  EXPERIMENTAL  ARRANGEMENT 

We  show  in  figure  2  a  schematic  of  the  experimental 
arrangement.  In  both  cases  the  rf  input  is  fed  into  the 
amplifier  via  a  tuneable  sidearm  arrangement.  The 
amplifier  has  two  stages,  namely  a  short  -12  cm 
dielectric  (Boron  Nitride)  stage  in  which  the  input 
power  is  absorbed,  but  not  amplified.  This  stage  is 
followed  by  a  non-uniform  disk  loaded  amplifier  having 
two  parts  [I],  a  bunching  section,  in  which  the  cold 
wave  phase  velocity  may  be  as  high  as  1 .05  c,  followed 
by  a  short  low  phase  velocity  section  used  as  the 
‘output’.  The  dielectric  section  and  the  disk  loaded 
regions  are  separated  by  a  SiC  sever.  A  similar  absorber 
follows  the  output  section,  which  may  or  may  not  use  a 
TM-TEM  coaxial  mode  converter.  The  converter 
eliminates  re-acceleration  of  the  beam  electrons  in  the 
amplified  rf  wave  and  increases  the  rf  conversion 
efficiency.  It  has  been  described  elsewhere  [2],  For  the 
experiments  in  which  the  beam  is  compressed  during 
generation  an  additional  SiC  absorber  was  added  prior 
to  the  dielectric  buffer  amplifier.  This  minimised 
reflections  and  is  important  in  high  gain  (-48  dB) 
operation 
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Fig  2.  Schematic  of  experimental  arrangement 


We  show  in  Table  1,  the  structure  dimensions  for  the 
two  amplifiers  investigated.  The  buncher  and  output 
sections  were,  in  both  cases  separated  from  each  other 
by  a  tapered  transition  extending  over  several  cells.  The 
cells  had  a  periodic  length  of  0.75  cm.  of  which  0.15 
cm  comprised  the  disk  width.  The  disk  loaded  amplifier 
sections  were  terminated  at  each  end  in  gradual  tapers 
to  the  outside  diameter  of  the  cylindrical  guide. 


Structure  A. 
Narrow  Band 

Structure  B. 
Broad  Band 

Buncher  Rin 

8  mm 

11.75  mm 

Rout 

14.8  mm 

17.13  mm 

#  Cells 

24 

45 

Output  Rin 

8.0  mm 

10.75  mm 

Rout 

15.2  mm 

17.13  mm 

#  Cells 

7 

7 

Table  1.  Structure  dimensions 


3  EXPERIMENTAL  RESULTS 

Experiments  were  conducted  using  structure  B  with  the 
beam  generated  from  a  cathode  immersed  in  a  10  kG 
axial  guide  magnetic  field.  The  beam  amplitude  and  its 
profile  in  time  were  insensitive  to  the  magnetic  field 
strength.  The  beam  current  varied  between  450  and 
500A.  Part  way  through  the  work  a  new  gun  geometry 
was  employed  which  required  that  the  beam  be  radially 
compressed  by  a  factor  of  two  prior  to  injection.  Both 
amplifiers  were  tested  in  this  configuration.  In  this 
regime  the  beam  current  profile  was  very  sensitive  to 
the  magnetic  field  strength.  The  experiments  were 
carried  out  at  5  kG  where  the  beam  current  was  almost 
constant  in  time.  The  beam  current  in  these  experiments 
was  about  160-200  A.  In  both  sets  of  experiments  the 
beam  energy  was  between  700  and  750  keV  and  the 
beam  diameter  was  7  mm. 

3. 1  Immersed  Cathode  Experiments:  We  have  separately 
tested  the  ‘buncher’  and  the  combined  ‘buncher-output’ 


amplifiers.  The  output  power  of  the  buncher  was  about 
10  MW  and  continued  for  the  full  beam  pulse  duration. 
With  the  complete  system  we  obtained  an  output  peak 
power  of  up  to  60  MW.  At  this  level  pulse  shortening  of 
the  microwave  output  developed  and  the  output  pulse 
width  decreased  until  at  about  150  MW  the  microwave 
pulse  width  had  dropped  to  about  10  ns.  On  investigation 
we  found  that  the  process  was  accompanied  by  a  loss  of 
the  electron  beam.  At  microwave  peak  powers  of  greater 
than  60  MW  beam  current  loss  occurs  even  at  the  input 
to  the  amplifier.  At  this  power  level  the  rf  conversion 
efficiency  is  about  20%.  It  is  clear  that  beam  loss  is 
associated  with  high  power  operation. 

3.2  Compressed  Flow  Experiments:  We  report  first 
results  obtained  with  both  of  the  structures. 

In  structure  A  we  have  obtained  rf  amplification  with 
no  evidence  of  pulse  shortening  from  9.03  -9.48  GHz. 
Output  powers  of  up  to  55  MW  with  a  ~1  kW  rf  input 
were  obtained.  A  rf  power  conversion  efficiency  of  up  to 
45%  was  obtained.  The  amplifier  gain  ranges  from  38- 
48  dB  as  one  sweeps  through  the  frequency  range.  In 
these  experiments  the  output  mode  converter  was  not 
used. 

Similar  experiments  were  carried  out  using  the  broader 
band  structure  B.  Again  the  current  was  limited  to  about 
200  A  and  with  a  5kG  axial  magnetic  field.  With  this 
structure  the  output  power  ranged  from  6  MW  at  ~9GHz 
to  about  -50  MW  at  9.5  GHz.  Once  again  there  was  no 
evidence  of  beam  or  rf  pulse  shortening.  Since  this 
amplifier  has  a  lower  interaction  impedance  its  length 
was  longer  and  the  input  power  was  increased  to  1 3  kW. 
We  have  also  run  this  amplifier  with  the  coaxial  mode 
converter  obtaining  a  power  output  of  up  to  75  MW  at  a 
power  conversion  efficiency  of  -55  %. 

We  show  typical  waveforms  in  figure  3  for  the 
‘broadband’  amplifier,  and  summarize  the  performance 
of  both  of  the  amplifiers  in  fig  4.  We  plot,  as  a  function 
of  the  input  wave  frequency,  the  gains  for  both  devices. 
In  all  cases  the  amplified  output  frequency  exactly 
corresponds  to  the  input  frequency. 
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Time  (ns) 


Fig  3.  Typical  beam  current,  rf  envelop  and  heterodyne 
output  for  amplifier  B 
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Fig  4.  Gain  versus  frequency  for  both  amplifiers. 


4.  DISCUSSION  OF  RESULTS 

The  results  obtained  using  the  immersed  cathode 
configuration  strongly  suggested  that  the  beam  was  lost 
due  to  the  development  of  the  HEM  modes  in  the  long 
uniform  amplifier  [4],  These  results  lead  to  the  study 
reported  in  reference  3  and  the  related  experimental 
attempt  to  suppress  these  modes  using  a  Shintake  cavity 
[5]  to  damp  the  unwanted  modes.  We  have  no  direct 
observation  of  HEM  mode  interaction  at  present,  and  a 
more  detailed  search  is  presently  in  progress. 

The  results  reported  in  the  compressed  flow 
experiments  show  no  evidence  of  hybrid  mode 


excitation,  nor  is  there  any  pulse  shortening.  At  present 
it  is  not  clear  if  the  difference  between  the  two  regimes 
reported  above  is  due  to  differences  in  the  beam  current 
levels,  or  to  some  other  process.  The  efficiency 
reported,  especially  in  the  experiment  using  the  coaxial 
output  extraction  (-55%),  is  high  and  comparable  to 
that  predicted  by  PIC  codes.  The  good  performance  of 
the  larger  diameter  amplifier  B  is  particularly 
encouraging  for  large  bore  TWT  amplifiers,  since  the 
HEM,,  and  the  TM0,  modes  overlap. 

5.  CONCLUSIONS 

We  have  investigated  microwave  amplification  in  two 
non-uniform  TWT’s.  In  the  case  of  the  larger  bore 
structure  with  high  beam  currents  (Structure  B)  there 
was  a  loss  of  beam  current,  which  was  microwave 
power  level  dependent.  This  limited  the  amplifier  power 
conversion  efficiency  to  about  20%.  In  the  lower 
current  experiments  and  with  both  structures  the  beam 
current  was  limited  to  -200  A.  Output  powers  of  up  to 
55MW  with  a  gain  of  48  dB  were  obtained.  The 
efficiency  in  both  structures  reached  45%  and  peaked  at 
55%,  with  the  higher  figure  arising  from  the  use  of  the 
coaxial  mode  converter/beam  dump. 

The  high  output  power  full  pulse  width  operation  in 
structure  B  is  interesting  as  it  suggests  that  high 
frequency  amplifiers  (-35  GHz)  might  be  built  using 
large  bore  structures. 
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Abstract 

In  this  paper  we  report  first  results  obtained  in  a  new 
program  to  develop  high  power,  high  efficiency  TWT 
microwave  sources  at  35  GHz.  In  these  experiments  we 
use  a  30  cm  long  dielectric  (Teflon)  amplifier  with  an  850 
kV,  200  A  pencil  electron  beam.  The  input  power  is 
provided  from  a  250ns  long,  10  kW  pulse  from  a 
magnetron.  The  experience  obtained  with  this  device  will 
guide  further  development  of  multistage  disk  loaded 
amplifiers.  Experimental  results  indicate  output  power 
levels  of  about  1  MW  and  a  gain  of  about  18  dB.  These 
results  are  consistent  with  expectations  from  PIC  code 
simulations.  Details  of  the  system  designs  and 
performance  will  be  presented. 

1  INTRODUCTION 

Future  high  gradient  accelerators  will  require  the  use  of 
high  power  microwave  sources  at  frequencies  in  excess 
of  X  band.  A  recent  analysis  of  the  requirements  of  an  5- 
15TeV  accelerator  indicates  that  the  operational 
frequency  should  probably  be  in  the  vicinity  of  -35 
GHz  [1,2].  A  source  efficiency  of  order  or  greater  then 
40%  will  be  required. 

We  have  initiated  a  research  program  to  investigate  the 
development  of  a  TWT  amplifier  at  this  frequency  and 
we  report  first  results  from  the  program.  In  other 
laboratories  work  is  in  progress  in  developing 
gyroklystron  amplifiers  at  this  band  [3,4],  In  our  initial 
experiments  we  have  used  a  dielectric  amplifier  to  allow 
us  to  obtain  experience  in  the  use  and  measurement  of 
high  power  Ka  band  radiation.  The  dielectric  amplifier  is 
probably  restricted  to  output  power  levels  of  a  few 
megawatts,  but  has  the  advantage  of  ease  of  fabrication 
and  matching  of  the  amplifier  input  and  output  regions  to 
other  waveguide  structures.  We  report  a  gain  of  18  dB 
from  the  amplifier  and  an  output  power  of  about  1  MW. 
A  disk  loaded  amplifier  has  also  been  fabricated  and 
initial  tests  are  in  progress.  This  device,  which  consists 
of  a  single  stage  amplifier,  expected  to  have  gain  of 
about  30  dB,  an  efficiency  of  close  to  15%,  and  a 
multimegawatt  output  power  in  a  50  ns  pulse. 


In  all  of  these  experiments  we  use  a  single  shot  900  kV, 
200  A,  50  ns  electron  beam  as  the  primary  pulse  power 
source. 

In  the  following  sections  we  describe  the  dielectric 
amplifier  configuration  and  show  typical  data  from  the 
amplifier  experiments.  We  also  indicate  the  design  of  a 
disk  loaded  amplifier,  which  has  been  constructed  and  is 
currently  being  tested. 

2  EXPERIMENTAL  CONFIGURATION 

The  experimental  arrangement  of  the  dielectric  amplifier 
is  sketched  in  Figure  1.  It  uses  a  Teflon  loaded 
waveguide  having  a  length  of  30  cm  with  2.5  cm  tapers 
to  a  uniform  cylindrical  waveguide  at  the  input  end,  and 
to  a  coaxial  guide  on  the  output.  The  internal  diameter 
of  the  waveguide  is  12.5  mm  and  the  inner  diameter  of 
the  dielectric  is  9.5  mm.  The  amplifier  is  terminated  with 
an  absorbing  load  and  the  output  of  the  amplifier 
sampled  prior  to  the  load.  The  input  rf  signal  is  provided 
to  the  amplifier  from  a  Ka  band  magnetron  through 
pressurized  waveguide.  Typical  input  powers  injected  in 
the  amplifier  range  from  5-10  kW  and  the  driving  beam 
carries  200-300  A  at  a  beam  energy  of  850-900  keV. 
The  full  width  pulse  duration  is  about  50  ns.  The 
electron  beam  is  guided  by  a  1  Tesla  magnetic  field, 
which  is  carefully  aligned  with  the  axis  of  the 
experiment.  The  input  coupler  design,  which  is  tunable 
to  maximize  input  to  the  cylindrical  TMoi  mode,  is  based 
on  results  obtained  from  the  HFSS  code.  The  coupler 
has  two  adjustable  elements  namely  an  anode  stub 
positioned  to  suppress  coupling  to  the  TEn  mode,  and 
the  other  a  rectangular  waveguide  arm,  located  directly 
opposite  to  the  input  arm  and  with  a  tunable  shorting 
stub  which  allows  us  to  maximize  the  deliverable  input 
power  from  the  magnetron.  The  position  of  the  anode 
stub  is  experimentally  determined  using  a  network 
analyzer.  A  TEn  to  TE10  mode  converter  and  crystal 
detector  is  used  to  minimize  the  TEn  signal.  The 
position  of  stub  in  the  sidearm  is  determined  by 
maximizing  the  power  detected  by  the  E  field  probe 
located  at  the  output  of  the  amplifier. 

We  have  also  assembled  a  disk  loaded  amplifier 
designed  to  work  under  identical  electron  beam  and 
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microwave  parameters.  It  has  up  to  100  uniform  cells  and 
employs  two  10  cell  tapered  sections  at  both  ends  of  the 
uniform  section.  The  tapered  sections  are  used  to 
minimize  the  reflections  at  the  transitions  between  the 
structure  and  the  uniform  waveguide  sections.  The 
structure  has  a  phase  advance  per  cell  of  n/2  at  an 
operating  frequency  of  35  GHz  for  an  850  kV  beam. 

With  these  parameters  each  cell  has  length  of  2  mm  (a 
1mm  long  iris  and  a  1mm  long  cavity).  The  outer  radius 
of  the  cavities  is  ReXt  =  5.0  mm  and  the  inner  radius,  R^,,  = 
3.5  mm.  The  input  structure  and  the  termination  are  the 
same  as  those  used  for  the  dielectric  amplifier.  Gain  has 
been  observed  for  this  structure. 


Figure  1.  Experimental  Configuration.  1)  Input  structure, 
2)  Rogowski  coil,  3)  Dielectric  Amplifier  4)  Output  Wave 
E  Field  probes,  5)  Microwave  absorber 


In  typical  operation  of  the  amplifier  the  250  ns  magnetron 
output  pulses  are  injected  via  pressurized  guide  through 
the  input  coupler  to  the  amplifier.  The  coupler  tuning 
elements  are  adjusted  immediately  before  firing  of  the 
beam  to  maximize  the  TMoi  input  signal  to  the  amplifier. 
Although  the  magnetron  source  has  an  output  of  40  kW 
only  10  kW  are  available  at  the  amplifier  input,  since  the 
source  is  kept  in  the  screen  room  and  the  waveguide  run 
drops  the  available  power  by  about  5  dB,  limiting  the 
input  signal  to  about  10  kW.  The  output  signal  is  detected 
on  an  electric  field  probe  located  in  the  uniform  guide 
after  the  output  taper.  The  sampled  output  is  sent  to  the 
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Figure  3.  Diode  voltage  (top  trace),  Diode  current 
(middle  trace),  and  the  RF  output  signal  (bottom) 
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screen  room  where  the  signal  is  split  into  two  and  the 
envelope  detected  in  one  output  arm,  while  the  other  arm 
feeds  a  double  balanced  mixer  with  local  oscillator  input 
provided  by  a  Gunn  diode.  The  amplifier  gain  is 
measured  using  a  substitution  technique,  comparing  the 
attenuated  amplifier  signal  directly  with  the  input  signal 
measured  using  the  same  detector.  The  attenuation 
required  to  reduce  the  amplifier  signal  to  its  input  level 
is  a  direct  measure  of  the  gain. 

4  RESULTS 

The  diode  voltage,  the  diode  current  and  the  RF  output 
are  shown  in  Figure  3. 

The  output  signal  from  the  dielectric  amplifier  as  shown 
in  Figure  3  (bottom)  has  the  same  length  as  the  "flat"  top 
of  the  beam  current.  The  output  signal  is  found  to  track 
the  input  frequency  and  power  level  for  the  frequency 
range  available  of  34-35.2  GHz  and  for  variations  of  a 
factor  of  2  in  the  input  power  level.  Peak  output  signals 
of  1.2  MW  were  obtained  with  a  pulse  duration  matching 
that  of  the  pulse  power.  Typically  the  data  showed  a 
gain  of  17.5  ±  2.5  dB. 

In  Figure  4  we  show  a  heterodyned  waveform  which 
illustrates  that  the  amplified  output  is  single  frequency. 
Hie  frequency  of  the  amplified  signal  matches  the 
frequency  of  the  magnetron  input. 

We  have  examined,  using  a  computer  calculation  the 
effect  of  the  beam  temperature  on  the  gain.  For  a  current 
of  1=  275A  at  a  beam  energy  of  V=0.875MeV,  and  for 
an  amplifier  length  of  30cm  we  find  the  gain  of  the 


Figure  4.  Heterodyne  Output  Signal.  The  local 
Oscillator  frequency  was  34.6  GHz. 


The  beam  source  in  these  experiments  was  a  field 
emission  tip. 


5  CONCLUSIONS 

We  have  successfully  tested  a  35  GHz  dielectric  TWT 
amplifier  using  a  relativistic  electron  beam  as  the 
primary  power  source.  The  diode  produced  an  adequate 
quality  electron  beam  guided  by  a  IT  magnetic  field. 
We  have  gained  experience  in  using  Ka  band  diagnostics 
to  measure  the  input  and  output  power  from  the 
experiment.  The  HFSS  designed  coupler  was  found  to 
work  satisfactory  over  the  frequency  (-1  GHz)  range 
available  from  the  magnetron.  The  full  range  of  the 
available  frequency  from  the  magnetron  was  amplified 
by  the  dielectric  amplifier.  The  output  RF  power  was  in 
the  range  of  one  megawatt  with  a  gain  of  17.5  ±  2.5  dB 
in  the  available  frequency  range  of  the  magnetron  (34- 
35.2  GHz).  The  RF  output  results  suggest  that  the 
amplifier  is  sensitive  to  the  current  level  and  its 
variations.  Therefore,  special  attention  will  have  to  be 
paid  to  the  current  beam  shape  and  intensity  in  the  future 
Ka  band  experiments 
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system  drops  from  22dB  to  16dB  when  the  on  the  energy 
spread  during  the  50ns  duration  of  the  energy  spread  at 
the  input  increases  from  0  to  15%.  Based  on  this 
calculation  we  can  place  an  upper  limit  pulse  of  10%. 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


TWT  AMPLIFIER  USING  A  FERROELECTRIC  CATHODE  FOR 
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Abstract 

We  report  first  experiments  on  high-power  traveling  2  EXPERIMENTAL  ARRANGEMENT 
wave  amplifiers  using  an  electron  beam  generated  with 

a  ferroelectric  cathode.  The  electron  beam,  which  is  The  experimental  arrangement  is  shown  schematically 

driven  by  a  ferrite  core  transformer-pulse  line  system,  in  Fig.  1 .  The  cathode  gun  assembly  is  connected  to  the 

has  energy  of  440  keV  and  a  beam  current  of  40-50  modulator  described  previously  [1],  A  more  detailed 

Amperes.  The  beam  pulse  duration  is  about  250  ns  and  account  of  the  modulator  design  and  the  cathode 

the  system  is  operated  at  0.07  Hz.  The  beam  is  performance  in  a  diode  arrangement  is  to  be  published 

generated  from  a  command  switched  ferroelectric  shortly  [2].  The  gun  geometry,  which  was  designed 

cathode  located  in  the  fringing  field  of  a  solenoid.  A  using  data  from  the  aforementioned  diode  experiments, 

single  stage  disk  loaded  TWT  structure  is  used  as  the  uses  a  planar  cathode  in  a  modified  Pierce  geometry. 

~9GHz  amplifier.  A  gain  of  10  dB  is  observed  over  the  This  geometry  produces  an  approximately  uniform 

frequency  range  from  8.9  to  9.4  GHz.  The  main  purpose  cross  section  beam  of  6  mm  diameter  throughout  the  60 

of  the  experiment  is  to  demonstrate  that  the  ferroelectric  cm  long  experiment.  The  beam  is  confined  by  a  -2000 

generated  beam  is  of  good  enough  quality  for  G  magnetic  field  generated  by  the  field  coils.  The  3  cm 

microwave  amplification  in  X  band,  and  to  pave  the  diameter  ferroelectric  cathode  is  recessed  in  order  to 

way  for  use  of  this  cathode  in  future  high  power  produce  a  uniform  beam  with  the  existing  magnetic 

microwave  source  experiments.  We  compare  the  results  field  geometry.  This  limits  the  beam  current  to  ~40  A  at 

obtained  using  this  system  with  the  output  from  a  PIC  440  kV  in  a  250  ns  pulse.  The  ferroelectric  cathode  is 

code  simulation.  coated  with  a  0.2  mm  silver  grid  on  its  front  surface  and 

a  uniform  silver  layer  on  its  back..  The  trigger  pulse  is 
1  INTRODUCTION  adjusted  to  start  slightly  before  the  maximum  of  the  gun 

voltage  pulse,  so  that  when  a  ~1.5  kV  positive  trigger 
During  the  last  several  years,  we  have  investigated  the  pulse  is  imposed  on  the  back  of  the  ferroelectric 

use  of  ferroelectric  cathodes  for  electron  beam  cathode,  a  beam  current  pulse  is  obtained.  The  rise  time 

generation.  Previous  experiments  have  found  that  diode  of  the  beam  current  pulse,  under  appropriate  trigger 

currents  of  up  to  330  A  could  be  obtained  from  a  timing  conditions,  is  much  shorter  than  that  for  the 

cathode  of  -1  cm2  emission  area  [1],  The  beam  current  secondary  voltage. 

in  the  present  design  yields  40  A  at  440  kV  and  will,  in  The  electron  gun  is  connected  to  an  X-band  single  stage 

the  next  gun  design,  be  increased  to  200  A.  Traveling  Wave  Tube  (TWT),  which  has  35  uniform 


Figure  1 :  Experimental  arrangement  for  the  microwave  amplification  using  a  ferroelectric  cathode. 
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irises  and  1 1  tapered  irises  on  both  ends.  The  inner  and 
outer  radii  of  the  iris  are  10  mm  and  16.4  mm 
respectively,  and  the  periodic  spacing  of  the  irises  is 
7mm.  This  corresponds  to  the  tc/2  synchronous  mode  at 
the  operating  voltage  and  at  a  wave  frequency  of  9.0 
GHz.  The  input  waveguide  at  the  beginning  of  the  TWT 
is  connected  to  an  X-band  magnetron  which  provides 
-10  kW  power  into  the  TWT.  A  reflector  mounted  on 
the  end  of  the  anode  is  located  at  a  distance  equal  to  a 
3/4  wavelength  of  the  TE„  mode,  in  order  to  reduce 
excitation  of  this  mode.  At  the  end  of  the  TWT,  a 
coaxial  mode  converter/collector  is  used  to  separate  the 
beam  and  amplified  RF  output  [3].  The  beam  is  dumped 
into  the  collector,  in  order  to  avoid  re-acceleration  of 
the  beam  electrons  by  the  amplified  RF.  The  amplified 
RF  is  efficiently  mode  converted  from  the  TM,,,  mode 
of  the  slow  wave  structure  into  a  TEM  mode  in  the 
coaxial  section.  Measurement  of  the  RF  output  power  is 
made  with  an  E  field-probe  mounted  between  the 
amplifier  and  the  microwave  absorber  located  at  the  end 
of  the  coaxial  converter. 

3  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

Figure  2  shows  typical  waveforms  for  the  gun  voltage, 
the  beam  current,  and  the  amplified  microwave  output 
pulse.  The  start  of  diode  voltage  is  defined  as  t=0,  and 
the  RF  power  is  taken  as  the  relative  power  with  respect 
to  the  magnetron  output.  At  t=200  ns,  the  trigger  pulse 
is  applied  to  the  back  of  the  ferroelectric  cathode,  the 
current  rises  to  -40  A  with  a  rise  time  much  shorter 
than  that  of  the  diode  voltage  pulse.  The  pulse  width  of 
the  current  is  -265  ns.  The  RF  pulse  rises  slightly  after 
the  current  begins,  and  continues  for  up  to  250  ns, 
which  is  comparable  in  width  to  the  beam  current  pulse. 
A  series  of  experiments  have  been  performed  at  various 
RF  input  frequencies.  Fig.  3  shows  the  amplifier  gain 
and  the  output  pulse  width  as  a  function  of  the 
frequency.  The  second  scale  on  the  abscissa  indicates 
the  cold  structure  wave  phase  velocity.  The  TWT  is 
designed  for  synchronous  operation  at  a  beam  energy  of 
430  keV  and  a  wave  frequency  of  9.0  GHz.  In  the 
experiment  an  RF  gain  of  -10  dB  was  obtained  over  a 
frequency  range  from  8.9  to  9.4  GHz.  The  output  gain 
as  predicted  by  simulation,  using  the  2D  PIC  code 
MAGIC  is  16.5  dB  at  synchronous  flow  conditions. 
This  value  was  obtained  however  with  the  center 
conductor  mode  converter/beam  dump  optimally 
located.  In  the  reported  experiments  it  was  retracted. 
The  simulated  gain  curve  lies  at  lower  frequencies  by 
about  250  MHz  than  the  experimental  observations.  The 
cold  wave  phase  velocity  in  the  TWT  structure  changes 
significantly  over  the  frequency  range  employed  in  the 
amplifier  ranging  from  less  than  0.7-c  to  0.87  c  at  the 
lowest  frequency.  Non-synchronous  velocity  gain  has 


Fig.  2.  Waveforms  for  the  electron  gun  voltage,  the 
beam  current,  and  the  microwave  output  pulse 

been  previously  described  and  is  a  relativistic 
phenomenon  [4].  In  the  simulated  data  the  gain  has 
dropped  to  zero  by  9.2  GHz,  but  gain  is  seen 
experimentally  with  even  higher  structure  wave  phase 
velocities. 

An  interesting  phenomenon  is  shown  in  the  second  part 
of  figure  3  where  we  indicate  that  the  RF  pulse  width 
increases  at  the  higher  end  of  the  frequency  band  to  the 
full  beam  pulse  width.  In  long,  uniform  disk  loaded 
structures  there  is  the  expectation  that  the  asymmetric 
HEM  modes  may  develop  [5,6,7].  This  is  particularly 
likely  when  the  structure  inner  radius  is  relatively  large 
compared  to  the  outer  radius  and  the  lower  branch  of 
the  HEM  mode  overlaps  with  the  TM01  mode 
passband.  The  HEM  mode  will  usually  lead  to  beam 
loss  to  the  wall.  In  the  present  case  the  mode  converter 
at  the  end  of  the  output  section  will  also  act  as  a 
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with  and  without  a  choke  mode  cavity.  The  inner  and 
outer  radii  of  the  traveling  wave  structure  are  8  mm  and 
14.8  mm  respectively,  and  the  periodic  spacing  of  the 
irises  is  7.5  mm.  This  structure  is  identical  in 
dimensions  to  the  uniform  part  of  the  amplifier 
designated  as  Structure  A  in  a  companion  paper 
presented  at  this  conference  [10].  As  shown  by  Figure 
4,  the  addition  of  the  choke  cavity  reduced  the 
transmission  of  the  lower  HEM,,  mode  by  ~20  dB. 
Further  experiments  and  theory  relating  to  the 
excitation  of  the  hybrid  mode  are  reported  in  the 
companion  paper. 

4  CONCLUSION 
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Fig.  3  Characteristics  of  RF  Gain  and  pulse  width  vs. 
frequency. 

reflecting  boundary  for  the  HEM  mode.  We  have  made 
a  preliminary  search  for  the  presence  of  this  mode  but 
have  not  yet  identified  its  presence  in  these 
experiments. 

In  1992,  Shintake  [8]  proposed  the  use  of  choke  mode 
cavities  to  damp  higher-order  modes.  This  approach  has 
also  been  investigated  for  use  in  two  beam  accelerators 
[9],  We  have  performed  scalar  analyzer  measurements 
of  the  transmission  for  a  traveling  wave  structure 


frequency  (GHz) 

Fig.  4.  Comparison  of  transmission  with  and  without  the 
choke  mode  cavity.  The  lower  trace  is  offset  by  60  dB. 


An  X-band  microwave  amplifier  using  a  ferroelectric 
cathode  has  been  successfully  designed  and  tested.  The 
experimental  results  mark  the  first  observation  of 
significant  microwave  amplification  from  a  TWT  using 
a  ferroelectric  generated  electron  beam.  A  10  dB  gain 
has  been  measured  over  the  frequency  range  from  8.9  to 
9.4  GHz.  The  experimental  range  of  frequencies  for 
which  gain  is  observed  does  not  exactly  match  the 
simulation  result.  The  reason  for  this  discrepancy  is  not 
clear. 

A  250  ns  wide  RF  output  pulse  is  obtained  at  the  higher 
frequencies  and  some  pulse  shortening  is  observed  at 
the  lower  end  of  the  passband.  The  pulse  shortening 
might  be  associated  with  the  onset  of  excitation  of  a 
hybrid  mode  interaction. 

A  new  electron  gun  design,  which  will  give  the  rated 
beam  current  of  200  A  at  500  kV,  is  presently  under 
way. 
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Abstract 

We  investigate  the  interaction  and  the  coupling  of  TM01 
and  HEM11L,  with  an  electron  beam  in  a  high-efficiency 
traveling-wave  output  structure  operating  at  9GHz.  The 
coupling  between  the  symmetric  and  asymmetric  mode 
may  be  characterized  by  a  single  parameter  that  represents 
the  correlation  of  the  transverse  and  longitudinal  phase- 
spaces.  In  order  to  examine  the  coupling  we  consider  a 
pre-bunched  beam  injected  in  a  uniform  structure.  For  a 
specific  set  of  parameters  simulations  indicate  that 
0.5MW  of  HEM11L  power  at  the  input  is  sufficient  to 
deflect  to  the  wall  a  beam  of  300A/0.85MV  guided  by  a 
0.5T  magnetic  field. 

1  INTRODUCTION 

In  high-power  and  high-efficiency  traveling-wave 
amplifiers  the  electron  beam  is  assumed  to  interact  with 
the  lowest  symmetric  TM  mode.  Efficiencies  as  high  as 
70%  and  even  higher,  may  be  achieved  in  coupled  cavity 
TW  structures  when  high  order  modes  do  not  play  a 
significant  role.  However,  asymmetry  may  occur  either 
due  to  the  input  or  output  arm  or  azimuthal  electrons’ 
distribution.  As  a  result,  asymmetric  modes  may  develop. 
Such  modes  are  called  hybrid  electric  and  magnetic 
(HEM)  modes.  The  main  problem  with  HEM  modes,  is 
their  ability  to  deflect  the  beam  to  the  wall.  Since  pulse 
shortening  was  observed  experimentally,  as  reported  by 
Wang  et.  at.  [1],  we  investigate  in  this  study,  some  of  the 
“cold”  characteristics  of  asymmetric  modes,  and  their 
interaction  with  the  electron  beam  and  the  symmetric 
mode;  specifically  the  beam  blow  up  due  to  the  hybrid 
mode. 


2  DISPERSION  RELATION 

In  the  internal  region  (r  <  Rtal)  of  a  disk-loaded  structure 
all  the  components  of  the  electromagnetic  field  may  be 
derived  from  the  longitudinal  components: 


(A) 

W 


kn=k  +  2m/L,  \k\<n/L,  r„  =  ^k2n-(o)l  c)2  and 
/„(£)  is  the  modified  Bessel  function  of  the  first  type  and 
order  v .  The  dispersion  relation  of  a  periodic  structure 
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may  be  written  in  a  matrix  form  as  follows: 

fDm(y)  Cn(v )' 

,C21(v)  DTE{v)j 

where,  in  principle,  the  matrices  D™,  Dm,  Cl2,  C21,  are 
infinite.  This  notation  is  convenient  since  in  the  case  of 
symmetric  modes  (v  =  0)the  coupling  matrices  (CI2,C2I) 
are  identically  zero  and  this  equation  has  two  uncoupled 
solutions  Det  (D™)  =  0  and  Det  (DTE)  =  0  that  represent  all 
the  symmetric  transverse  magnetic  (TM)  and  transverse 
electric  (TE)  modes,  respectively.  For  any  other  value  of 
v  the  coupling  matrices  are  not  zero  and  as  a  result,  the 
non-trivial  solution  of  (2)  implies  that  each  eigen-mode  is 
a  superposition  of  the  two  modes  (TE  &  TM).  From  the 
perspective  of  the  interaction  with  the  electrons,  the  main 
problem  with  such  a  mode  is  that  it  has  a  non-zero 
transverse  magnetic  field  on  axis  and  consequently, 
electrons  may  be  deflected  [2-5]. 

Similar  to  the  symmetric  modes  for  each  radial  number 
v  there  are  two  modes,  only  that  here  we  can  no  longer 
distinguish  between  TE  and  TM  but  rather  they  are 
referred  to  as  “lower”  and  “higher”  modes.  Figure  1 
illustrates  the  dispersion  relation  of  all  the  modes  up  to 
20GHz  in  a  structure  with  internal  radius  of  8mm.  The 
structure  was  designed  to  operate  at  9GHz  with  phase 
advance  per  cell  of  nil  and  phase  velocity  of  0.933c;  the 
disk  thickness  is  1.5mm.  In  such  a  relatively  small  internal 
radius  the  TM01  and  HEM!1L  modes  are  well  separated  and 
do  not  intersect.  For  higher  radii  the  modes  get  closer  to 
each  other. 


H 


=  0 


(2) 


Figure  1:  All  modes  up  to  20GHz;  a-TM01,  b-HEM11L,  c- 
HEM11h,  d-HEM21L,  e-HEM21H,  f-TMra. 
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The  relative  weight  of  each  basic  mode  (TM  and  TE) 
composing  the  hybrid  mode  changes  at  different 
frequencies.  In  order  to  illustrate  the  “character”  of  the 
HEM  mode,  it  is  convenient  to  define  the  quantity 
h0=Ti0\  Hn=0  /  En=0  I .  When  h0  is  smaller  than  unity,  the 
system  behaves  as  a  “TM”  mode  whereas  values  larger 
than  unity  its  behavior  resembles  the  “TE”  mode.  Figure  2 
illustrates  the  value  h0  for  the  same  structure  presented 
above.  The  “TE”  behavior  is  primarily  in  the  lower  part  of 
the  pass  band  of  HEM11L  and  “TM”  behavior  in  its  upper 
region. 


kL/re 

Figure  2:  The  value  h0  for  HEM„L  as  presented  in 
Figure  1. 

Another  aspect  that  is  critical  in  the  design  of  a  slow- 
wave  structure  is  the  group  velocity  of  the  HEM11L  mode. 
If  the  latter  is  negative  an  inherent  positive  feedback 
develops  in  the  system  and  the  system  will  oscillate.  This 
problem  is  in  particular  vital  in  tapered  structures  where 
even  if  initially  the  system  was  designed  for  a  positive 
group  velocity,  as  the  phase  velocity  of  TM01  mode  is 
reduced,  the  group  velocity  of  the  HEM11L  may  become 
negative.  Increasing  the  internal  radius  eliminates  the 
positive  feedback  but  it  also  reduces  the  interaction 
impedance;  the  latter  is  defined  as: 

y(TMot )  _  $W  |  p  i2 

*nt  2Pi™°')  tn=0'v'=0  ’ 

c  (3) 

ry(HEMxu  )  _  ‘Jyy  |  p  i2 

int  2P(-hemhl)  "=0’v=1 

where  Sw  is  the  area  the  wave  propagates  and  P  is  the  total 
power  which  flows  in  the  system  in  the  mode. 


model  include;  positive  group  velocity  of  both  modes,  the 
basic  form  of  both  modes  is  preserved,  the  energy 
conversion  is  controlled  by  the  longitudinal  motion  and  no 
electrons  are  reflected.  Space  limitations  will  constrain  the 
explicit  formulation  to  the  ID  case  however  subsequently 
simulation  results  from  a  3D  simulations  will  be 
presented.  In  the  case  of  ID  motion  the  mode  coupling  is 
only  due  to  azimuthal  asymmetry  therefore  the  governing 
equations  read: 


The  first  two  are  amplitude  dynamics  equations,  followed 
by  the  phase  dynamics  equations  and  in  the  last  line  we 
have  a  single  particle  energy  conservation;  1  represents 
the  TM0I  mode  and  2  the  HEM11L  mode;  (...)  represents 

averaging  over  entire  ensemble  of  particles.  The  other 
definitions  used  here  are:  %  =  zl d ,  d  is  the  total 

interaction  length,  £2  =  ad/c,K  =  kd,as=  eEn=0d  I  me1, 
yjl  =(1-/?2)1/2,  is  the  phase  of  the  i’th  particle 
relative  to  the  TM01  mode  whereas  %i2  is  the  phase  of  the 
same  particle  relative  to  the  HEM1]L  mode;  <p,  is  the 
azimuthal  location  of  the  i’th  particle;  aua2aic  the 
coupling  coefficients  defined  as 

aM  =  (e/Z£t  / mc2)(d2  /^2nt ),  ju  =  1,2 ;  T  =  77 ?int  and 
7  =  r/Rint .  Based  on  (4)  the  spatial  growth  of  the  system 
may  be  evaluated  and  the  result  is: 


Si  =-|(513  +523)±|a/(513-S23)2  +451352V  ;  (5) 

where  ,  fl  =(/02(7^)(^r3),  =(/?(75j)0?/l)'*) 

and  the  real  parameter  describing  the  coupling  between 
the  modes  U  is  given  by: 


3  DYNAMICS  OF  THE  SYSTEM 

In  order  to  describe  the  coupling  between  TM01  and 
HEM,,  we  developed  a  quasi-analytic  macro-particle 
model  that  describes  the  interaction  of  a  beam  of  electrons 
with  both  TM0,  and  the  low  branch  of  the  HEM,,.  In  the 
framework  of  this  approach  the  dynamics  of  the  particles 
is  fully  3D  but  the  variations  effect  in  the  amplitude  of  the 
electromagnetic  field  are  assumed  to  occur  only  in  the 
longitudinal  direction  (ID).  Additional  assumptions  of  the 


The  solution  S+  corresponds  to  the  “HEM„L”-like  solution 
since  at  the  limit  u  =  0,  St=S2  whereas  S  corresponds 
to  the  “TM0,”-like  solution.  Figure  3  illustrates  the 
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value  of  u  as  a  function  of  the  angular  spread  of  the 
beam  -<pQ  <<p<<p0  with  other  parameters  chosen  as 

follows:  =3,  T2  =4.5,  -n!2<xux  <nl%  X\,i  ~ 1  -5Xi,i  > 

0<7j<  0.6  and  2.4  <  <  2.5  .  It  shows  that  the 

coupling  is  maximum  when  the  azimuthal  spread  of 
particles  is  minimal  and  evidently  in  the  case  of  a 
symmetric  beam  the  coupling  vanishes. 


Figure  3:  The  value  of  u  as  a  function  of  the  angular 
distribution  of  the  beam. 

Finally,  the  3D  approach  that  due  to  space  limitations 
will  not  be  described  her,  enables  to  examine  the 
development  of  the  beam  expansion.  Figure  4  shows  the 
radius  of  the  envelope,  Re  /  rm  =  2(r) ,  for  several  initial 

HEM1IL  power  levels  at  the  input 

(1,10, 100, 500, lOOOkW);  the  TM01  mode  is  generated  by  a 
modulated  I  Xi,\  l<  n  /  4  beam.  The  other  parameters  of 

the  simulation  are  as  follows:  I=300A,  V=0.85MV, 
Riw=8mm,  Rb=3mm,  d=3.1 1cm,  lh0l=0.94, 

fW„  =9GHz,fHEMul  =  HGHz,Z™“  =1.5kn,Z,"“,,L 

=3.8kax<;r’=x<:rv,,fHSM,,,- 


Figure  4:  The  radius  of  the  envelope  for  several  HEM11L 
power  level  at  the  input  (kW). 

The  increase  of  beam’s  envelope  is  directly  correlated 
with  the  efficiency  of  HEM11L  mode  as  illustrated  in 
Figure  5.  At  the  same  time,  the  interaction  of  the  TM01  is 
very  efficient  reaching  the  80%  level  due  to  initially 
bunched  beam  that  drives  the  system.  This  efficiency  is 
virtually  not  affected  by  the  HEM11L  mode  and  all  the 
curves  overlap.  The  efficiencies  of  the  TM0I  and  HEMI1L 
modes  are  defined  as  follows: 
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For  Pi(nHEM,1L)  =0.5MW  there  are  particles  that  hit  the 
structure  and  for  this  reason  the  interaction  is  terminated. 


Figure  5:  The  way  the  efficiency  of  both  modes  develops 
for  several  HEM1IL  power  levels  at  the  input  (kW). 

3  CONCLUSIONS 

The  design  of  a  slow  wave  traveling  wave  structure  has 
to  take  into  consideration  the  effect  of  the  asymmetric 
modes  that  the  beam  may  interact  with;  the  coupling 
between  the  symmetric  and  asymmetric  modes  was  shown 
to  be  determined  by  a  single  parameter.  When  substantial 
power  is  associated  with  the  HEMnL  mode  it  may  cause 
deflection  of  the  beam  to  the  wall. 
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Abstract 

The  fabrication  of  a  muffin-tin  planar  accelerator  structure 
for  operation  in  the  90  GHz  range  is  discussed  in  Refer¬ 
ence.  [1],  Fabrication  problems  subsequently  encountered 
led  us  to  consider  an  alternative  structure,  a  structure  which 
can  be  thought  of  as  a  muffin-tin  with  the  sides  removed 
and  replaced  by  a  pair  of  side  chambers  which  act  as  side 
terminations  (Fig.  1).  With  the  side  chambers  removed,  the 
structure  when  viewed  from  the  side  presents  two  periodic 
arrays  of  vanes  facing  one  another  from  above  and  below 
the  beam  plane  and  which  extend  towards  the  beam  plane 
from  upper  and  lower  plane  metallic  surfaces.  The  vane 
pairs  are  the  analogs  of  the  beam  iris  in  cylindrical  struc¬ 
tures,  and  the  space  between  the  irises  and  terminated  by 
the  upper  and  lower  plane  metallic  surfaces  correspond  to 
the  cavities.  Because  the  general  appearance  of  this  view 
is  zipper  like,  we  will  refer  to  the  structure  as  the  ’’zipper” 
structure.  The  side  chambers  are  envisaged  as  extending 
with  uniform  cross  section  from  the  input  to  the  output  cav¬ 
ities. 


Figure  1: 


1  INTRODUCTION 

The  design  and  fabrication  of  a  traveling-wave  muffin-tin 
accelerating  structure  at  90  GHz  is  presented  in  Refer¬ 
ence.  [1],  A  prototype  seven  cell  structure  was  constructed, 
and  because  it  was  to  be  used  only  for  RF  cold  tests  it 
was  clamped  together  rather  than  assembled  in  a  vacuum 
suitable  manner.  RF  measurements  are  reported  in  Refer¬ 
ence.  [2],  MAFIA  simulations  indicated  that  the  coupler 
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achieved  a  fair  match  and  the  agreement  with  Sn  mea¬ 
surements  was  reasonably  good.  Bead  pull  measurements 
of  accelerating  field  amplitude  and  phase  were  also  in  rea¬ 
sonable  agreement  with  expectations.  On  the  other  hand 
the  transmission  (ie  S12)  achieved  was  disappointingly  low, 
indicating  about  one  half  the  power  was  dissipated  within 
the  structure.  The  electrical  contact  of  the  muffin-tin  cells' 
walls  with  their  bases  depended  upon  the  effectiveness  of 
the  clamping  of  a  copper  plate  to  the  back  of  a  row  of  rect¬ 
angular  holes.  Subsequent  structures  (25  cells)  attempted 
to  improve  this  electrical  contact  by  diffusion  bonding  the 
two  parts  together,  but  the  vane  side  walls  were  unable 
to  support  the  forces  involved  and  no  successful  structure 
emerged  from  this  attempt.  Material  research  into  a  disper¬ 
sion  strengthened  copper,  Glidcop  AL-15,  has  been  con¬ 
ducted  to  avoid  the  cell  to  cell  iris  distortion  reported  in 
Reference  [3]. 


In  order  to  mitigate  this  problem  we  imposed  on  struc¬ 
ture  design  a  requirement  that  there  be  no  brazed  or  dif¬ 
fusion  bonded  conducting  joints  between  the  vanes  (ie  the 
walls  which  form  the  cavity  cells)  and  any  other  part  of 
the  structure.  An  example  of  such  a  structure  is  a  muffin- 
tin  with  the  side  walls  of  the  cells  omitted.  Thus  the  con¬ 
ducting  junction  between  the  vanes  and  the  end  walls,  re¬ 
quired  for  the  muffin-tin,  is  eliminated.  The  cells  can  then 
be  formed  by  machining  grooves  into  a  plate  with  width 
equal  to  that  of  the  structure.  Thus  the  junction  between 
the  vanes  and  the  rear  surface  of  the  cell  cavities  is  inte¬ 
gral  to  the  fabrication  procedure  and  no  separate  bonding 
is  needed.  A  generic  example  of  the  sort  of  structure  that 
we  have  in  mind  is  shown  in  Fig.  1 .  The  spaces  beyond  the 
side  ends  of  the  vanes  forms  a  kind  of  chamber  which  we 
refer  to  as  side  chambers.  Because  of  the  appearance  of  the 
structure  when  viewed  from  the  side  with  the  side  chamber 
exposed,  it  has  been  dubbed  a  zipper  structure. 


In  the  following  sections  we  describe  some  RF  proper¬ 
ties  and  constraints  which  led  to  the  zipper  design  proposed 
in  this  paper  (section  2).  This  is  followed  by  a  description 
of  the  proposed  fabrication  procedure  (section  3),  and  a  dis¬ 
cussion  of  coupler  design  where  an  unanticipated  problem 
was  encountered  (section  4).  We  end  with  concluding  com¬ 
ments. 
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Figure  2:  Section  views  of  the  zipper  structure. 


2  RF  PROPERTIES  OF  THE  PROPOSED 
DESIGN 

The  general  configuration  and  the  principal  dimensions  of 
the  proposed  zipper  structure  are  shown  by  the  section 
through  a  vane  pair  and  perpendicular  to  the  beam  shown 
in  Fig.  2.  The  structure  has  reflection  symmetry  with  re¬ 
spect  to  a  centered  x-z  plane  and  a  centered  y-z  plane  and 
the  couplers  are  being  designed  in  a  manner  which  pre¬ 
serves  this  symmetry.  Modes  are  classified  by  the  reflection 
properties  of  Ez  with  respect  to  these  planes,  monopole  for 
even-even,  quadrupole  for  odd-odd,  dipole-y  for  odd-even, 
and  dipole-x  for  even-odd.  A  MAFIA  [4]  simulation  based 
Brillouin  diagram  for  the  modes  within  a  50  to  100  GHz 
range  is  shown  in  Fig.  3.  The  fundamental  or  accelerat¬ 
ing  mode  is  the  lowest  monopole  mode.  The  light  line 
crosses  it  at  120  degree  phase  advance  at  the  design  fre¬ 
quency,  91.392  GHz.  The  lowest  dipole  mode  band  is  the 
lowest  band  and  it  is  noteworthy  that  it  couples  strongly 
to  the  fundamental  TE  mode  which  propagates  down  the 
beam  tube,  a  rectangular  waveguide  like  structure,  2.54  by 
1.05  mm. 


Phase  Advance  (deg) 

Figure  3:  Dispersion  diagram  of  the  preferred  case  zipper 
structure. 

The  simulation  yields  a  Q  of  1605,  R/Q  54.3  ohms  per 
cell,  and  a  group  velocity  of  0.098  c.  The  acceleration 
voltage  has  a  quadrupole  like  variation  characterized  by  a 
1.83%  droop  0.2  mm  from  the  center  in  the  x  direction. 
One  notes  that  the  band  separation  is  small  due  to  the  rather 
large  lateral  dimensions  and  the  large  end  chambers.  Care¬ 
ful  design  is  required  to  avoid  overlap  of  the  two  monopole 


bands.  The  overlap  of  the  dipole-x  and  fundamental  bands 
appears  to  be  inevitable,  but  fortunately  the  coupler  struc¬ 
tures  couple  only  to  monopole  bands.  We  view  this  mode 
structure  as  an  undesirable  feature  but  cannot  at  this  stage 
assess  the  extent  to  which  it  will  cause  problems. 

3  MECHANICAL  DESIGN 

The  present  structure  we  are  designing  is  a  symmetrically 
feed  25  cell  constant  impedance  traveling  wave  structure. 
The  rf  coupling  scheme  used  is  a  quarter  wave  transformer. 
The  designed  operating  mode  and  frequency  of  the  device 
is  f^i  =  91.392  GHz.  The  cell  to  cell  iris  in  this  novel  rf 

3 

structure  do  not  bear  any  mechanical  loads  during  a  thermal 
bonding  cycle.  The  mechanical  integrity  of  the  structure  is 
also  improved  by  the  using  a  dispersion  strengthened  ma¬ 
terial,  Glidcop  AL-15,  as  the  base  material. 

The  integrated  structure  is  comprised  of  three  layers.  As 
seen  in  Figure  4  the  top  and  bottom  layers  are  identical 
and  are  comprised  of  the  internal  23  cells  and  the  WR-10 
waveguide  feeds.  The  two  steps  located  in  Figure  4  are 
used  to  match  the  structure  with  a  quarter  wave  matching 
transformer  that  is  integrated  into  the  middle  interlayer 

Triple  Layer  W-band  Structure 


Cell  -  to  Cell  Iris 


Bottom 


Figure  4:  Expanded  view  of  the  triple  layer  stack  W-band 
traveling  wave  constant  impedance  structure 

The  middle  layer  determines  the  input  and  output  cou¬ 
pler  iris  position  and  transverse  size,  beam  pipe  and  side 
chamber,  and  its  termination.  The  thickness  of  this  layer 
also  determines  the  cavity  iris  separation. 

When  assembled  these  three  layers  are  self  aligning  in 
the  longitudinal  direction  due  to  the  quarter  wave  match¬ 
ing  transformers,  which  fit  into  the  top  and  bottom  layers 
and  form  the  matching  sections  into  the  traveling  wave  ac¬ 
celerator.  Two  alignment  pin  are  used  to  fix  the  transverse 
alignment  of  the  structure,  while  the  vertical  alignment  is 
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determined  by  the  the  flatness  and  parallelism  of  the  three 
components  of  the  triple  layer  stack.  The  alignment  of  the 
individual  cavities  that  are  formed  in  the  top  and  bottom 
layers  are  well  aligned  since  they  are  machined  out  of  a 
single  base  material  block  during  a  single  wire  EDM  ma¬ 
chining  step. 


boundary  conditions  frequency  domain  simulation.  If  the 
test  results  is  affirmative,  then  a  further  useful  result  is 

,B{z0)  2jsin(tp)  +  A 

F(z0)  2jsin(ip)  —  A  W 

where 


4  COUPLER  DESIGN  AND  BAND 
INTERFERENCE  PROBLEMS 

The  standard  simulation  based  coupler  design  procedure 
is  based  upon  the  determination  of  S  matrix  parameters 
of  a  four  cell  structure  consisting  of  the  input  and  output 
cells  and  two  intervening  identical  structure  cells.  Coupler 
match  is  verified  by  requiring  at  the  operating  frequency 
first,  that  Sn  =  0  and  second,  that  the  accelerating  fields 
in  the  two  intervening  cells  have  identical  amplitudes  and 
phases  as  functions  of  z  except  that  the  phase  in  the  second 
cell  is  shifted  by  a  z  independent  constant  ip  from  that  in  the 
first  cell,  where  ip  is  the  phase  advance  constant  associated 
with  the  cell  Brillouin  diagram  at  the  operating  frequency. 
Further  confirmation  may  be  obtained  by  adding  a  third  in¬ 
tervening  cell  and  verifying  that  the  analogous  conditions 
still  hold.  Many  different  waveguide  to  cell  coupling  iris 
designs  and  various  modifications  in  coupler  cell  dimen¬ 
sions  were  explored.  While  we  favored  a  quarter  wave 
transformer  design  for  fabrication  simplicity,  capacitative 
and  inductive  thin  irises  were  also  tried.  We  were,  how¬ 
ever,  never  able  to  come  close  to  satisfying  the  conditions 
on  the  accelerating  field. 

The  procedure  described  above  is  based  upon  the  as¬ 
sumption  that  under  steady  state  excitation  at  fixed  fre¬ 
quency  within  the  pass  band  of  the  acceleration  mode  that 
the  fields  in  the  interior  cells  can  always  be  represented 
by  some  linear  combination  of  the  forward  and  backward 
propagating  wave  solutions  appropriate  to  the  drive  fre¬ 
quency.  This  is  expected  to  hold  for  any  frequency  within 
the  pass  band  and  independently  of  the  S  matrix  parame¬ 
ters. 

A  simple  test  of  whether  or  not  this  is  the  case  is  de¬ 
scribed  below. 

Let  F{za),  B(z0 )  be  the  complex  forward  and  backward 
wave  amplitudes  of  some  field  component,  say  Ez  at  the 
point  z0  along  the  beam  axis.  Then 


Ez(z0  +  np)  =  F(z0)e~jn *  +  B(z0)ejn *  (1) 

with  |  |  independent  of  zQ,  and  p  the  period  of  the 

structure.  Then  by  simple  algebra 


Ez{z0+p )  +  Ez(z0  -  p ) 
Ez{z0) 


=  2  cos  (ip) 


(2) 


This  is  a  very  strong  constraint  because  it  says  that  the 
LHS  of  Eq.(  2)  must  be  the  same  for  all  values  of  zQ  for 
which  Eq,(  1)  holds,  must  be  real  and  lie  on  the  inter¬ 
val  [—2,2],  and  indeed  must  yield  a  value  of  cos  (ip)  in 
agreement  with  that  obtained  by,  say,  a  single  cell  periodic 


a  —  Fz(z0+p)  Ez(z0  p) 

Ez(z0 )  1  ^ 

Note  that  here  the  RHS  of  Eq.(  3)  must  be  independent 
of  zc. 

This  test  fails  badly  for  coupler  test  simulations  involv¬ 
ing  small  numbers  of  interior  cavities.  We  are  investigating 
the  presumption  that  the  test  fails  because  of  the  presence 
of  evanescent  higher  order  modes  associated  with  higher 
propagation  bands.  The  second  monopole  band,  which  is 
very  close  to  the  acceleration  band,  is  considered  be  a  likely 
candidate,  especially  since  its  field  configuration  is  such 
that  its  excitation  by  the  coupler  geometry  is  likely  to  be 
as  large  as  that  of  the  acceleration  mode.  If  that  is  the 
case  then  the  problem  should  disappear  well  into  the  in¬ 
terior  of  a  sufficiently  long  structure,  and  simulation,  using 
GdfidL  [5],  of  a  structure  with  23  interior  cells  indicates 
that  this  is  the  case.  From  the  behavior  of  the  test  with  re¬ 
spect  to  cell  position,  we  conclude  that  the  standard  match¬ 
ing  procedure  should  be  successful  if  applied  to  the  interior 
cells  of  a  structure  with  at  least  15  to  20  cells. 

5  CONCLUSION 

The  upper  band  contamination  problem  clearly  imposes 
a  computational  burden  on  matched  coupler  design.  We 
will  know  how  large  when  we  have  succeeded  in  doing  it. 
Fortunately  the  evanescent  modes  are  non  propagating  and 
therefore  will  have  very  little  interaction  with  the  beam.  On 
the  other  hand  they  do  contribute  to  copper  losses,  reduce 
R/Q,  and  may  increase  peak  fields.  The  design  discussed 
in  this  paper  was  selected  from  a  number  of  similar  struc¬ 
tures  primarily  because  it  had  the  best  shunt  impedance. 
The  separation  between  the  upper  band  and  the  acceler¬ 
ation  frequency  was  nearly  twice  as  great  for  one  of  the 
alternate  designs  and  the  penalty  in  shunt  impedance  loss 
was  small.  The  increased  separation  should  decrease  the 
penetration  of  the  evanescent  mode  into  the  structure. 

While  the  RF  properties  so  far  determined  for  zipper  type 
structures  are  not  ideal,  it  does  appear  to  be  able  to  be  fabri¬ 
cated  and  further  investigation  aimed  at  possible  construc¬ 
tion  is  planned. 


6  REFERENCES 

[1]  P.J.  Chou  et  al.,  PAC97,  page  464 

[2]  P.J.  Chou  et  al.,  PAC97,  page  672 

[3]  D.  T.  Palmer  et  al.,  PAC99  ,THCR3 

[4]  F.  Ebeling  et  al.,  MAFIA  User  Guide,  1992. 

[5]  W.  Bruns,  IEEE  Trans.  Magn.  32,  pp.  1453-1456,  1996 


3614 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


RESONANCE  FAR-FIELD  ACCELERATING  STRUCTURES  AT  SHORT 

WAVELENGTHS 

A.V.  Smirnov 

Russian  Research  Center  «Kurchatov  Institute*,  123182  Moscow,  Russian  Federation 


Abstract 

Resonance  far-field  structures  capable  to  provide  high 
gradient  continuos  acceleration  at  millimeter  and  micron 
wavelengths  are  considered.  Among  such  structures  are 
periodically  striped  open  waveguide  and  oversized 
waveguide  having  periodic  small  perturbations.  Main 
parameters  of  the  structure  composed  by  flat  mirrors  are 
estimated  on  the  base  of  rigorous  analytical  solution  for 
the  eigenmodes. 

Some  modifications  of  diffraction-dominated  structures 
based  on  open  waveguides  and  resonators  are  proposed. 

1  INTRODUCTION 

In  the  previous  paper  [1]  a  concept  was  proposed  for  laser 
resonance  acceleration  of  relativistic  charged  particles.  It 
is  based  on  a  resonance  interaction  of  a  straightforward 
charged  particle  beam  interacting  with  electromagnetic 
beam  having  periodic  change  of  wave  vector.  Closed 
waveguide  having  periodical  deformation  was  considered 
as  the  accelerating  structure.  It  was  shown  earlier,  that 
such  an  overmoded  rectangular  [2]  or  circular  [3] 
waveguide  can  be  excited  effectively  (with  dominant 
single  mode)  by  a  properly  focused  laser  beam  having 
linear  polarization.  However,  the  stability  of  the  hybrid 
EH„  mode  to  the  transformation  into  parasitic  higher 
modes  requires  further  consideration. 

In  this  paper  we  consider  another  realization  of  the 
principle  above  based  on  an  open  periodic  waveguide.  It 
can  provide  stable  propagation  of  the  lowest  mode  due  to 
diffraction  resulting  in  widely-spaced  spectrum  of 
eigenmodes. 

2  EIGENMODES  OF  THE  PERIODICAL 
OPEN  MIRROR  WAVEGUIDE 

The  open  waveguide  (or  open  periodical  resonator) 
composed  by  chain  of  mirrors  with  period  Xw.  For 
simplicity  of  consideration  we  assumed  here  rectangular 
flat  mirrors  with  dimensions  2ax2b.  The  principal  scheme 
is  shown  in  the  Fig.  1.  To  consider  the  fields  of  the  open 
mirror  waveguide  we  solve  first  the  problem  for  the 
equivalent  open  resonator  with  rectangular  mirrors  having 
dimensions  2a,x2b  (see  Fig.  2).  The  e.m.  fields  of  the 
resonator  with  rectangular  mirrors  are  found  by 
Vainshtein  [4]  in  terms  of  eigenmodes  for  Hertz  vector 
potential  fl  at  \«a,b,  where  A,=2itc/co  is  laser 


wavelength.  The  vector  potential  ft  is  defined  through 
the  potential  function  d>,  that  satisfies  to  a  Helmholtz 
2 

wave  equation:  AO  +  k  O  =  0 . 


Fig.  1.  Schematic  drawing  of  an  accelerator  with  a 
«wiggling»  field  propagating  in  an  open  mirror 
waveguide. 


2tli 


♦z 


Fig.  2.  Equivalent  open  resonator  with  rectangular 
mirrors. 

If  the  fields  in  the  resonator  are  produced  by  plain 
waves  propagating  with  small  angles  to  the  axis  OZ,  the 
fields  of  corresponding  TE  modes  can  be  expressed  in  the 
following  form: 


=  Re 


ikrotfljE 


-1(0 1 


(1) 


vgrad  divft jg  +  x  fl  jg  y 
where  ftTE  =  <J>5y ,  k=oo/c, 

0  =  2i X  I  ^em(q(-irz/2h1-p)i2{(q-l)/2}4)u  v 

u=0v=0q,m,n 

O  =Aeikxtn^Uxf  f  f  (v), 

^u,v,n  1u,m1v,q1nv/2’ 

fU,m  =  -(l-u-(-l)mu)(-l)[(n-1)/2]/2in+1 , 
cos(nkyy),  n  =  1,3,5... 
sin(nkyy),  n  =  2,4,6...  Ma’b 


fn(y)  = 

k,  h  — 


2k  ? .  ? 

T-(a  lb2)' 

hl 


Jt/2 


a’b  (ai,b)(l  +  t|(l  +  i)/Ma  b) ' 


ti=-£(-0.5)71°5=0.824, 
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p  (tt/4)(m  ,n  )  )  p=pa+pb  ,^(z)  is  Riehmann’s 
’  (Mab  +  r|(l  +  i))2 

Zeta  function. 

To  find  the  potential  function  for  the  waveguide  it  is 
necessary  to  make  a  transition  from  the  standing  wave  to 
the  traveling  one,  to  make  a  transformation  from  local 
frame  xoz  (see  Fig.  2  corresponding  to  each  half  a  period) 
to  the  waveguide  frame  XOZ  (Fig.  1)  and  to  impose 
Flouqet  condition  of  periodicity.  The  transformation  is 
valid  under  the  following  conditions: 

X,S«XW  7tp”«l  and  h,=h/sin(p,  a,=a  sin<p,  (2) 

where  p=p’-ip” 

After  Fourier  expanding  of  the  potential  function  on  the 
period  Xw  one  can  derive: 

<&  =  Ae&zZXcqweicUkwZ,cq  =  £fn(y)fUjmB<&n  ’<3) 

q«  u.m." 

where  kz=(k-2kwp’cos(p)coscp-ikw  p”,  qw=0,l,2,3..., 


B(t))  =  y 

Du,m,n  Z-i 


Li(k„X-p«2)s('j^TqwJx 
*  exp  ±i(k'zXte<p  +  §  (p'+^-  +  qw  J 


kCu  —  kam(  1)  coscp, 
S(x)=sin(x)/x,  kw=27t/A,w. 


If  Ma,  Mb»l  and  waist  of  the  incident  laser  beam  is 
matched  with  the  mirror  dimensions  a,,  b  (analogously  to 
[2,3]),  we  can  assume,  that  the  dominant  propagating 
mode  is  m=l,  n=l.  Then  the  power  flow  through  the 
waveguide  is: 


P  =  P0e_2kzZ, 


where 


^•w^s  defines 


ksu  =kam(~1)  sin(P- 


P„  =fAp  (k2  -  •  kz  -  k„p" ,  Z  -1 2(Mi. 

2  2Zo 

For  the  lowest  dominant  mode  we  obtain  from  (1,3)  the 
following  expression  for  the  accelerating  field  amplitude: 

Ea  =  -iAByj kkztg<p  cos(ks])cos(kztgq>AX)»  (8) 

where  ax  =  X - X  >  x  =  defines 

0  2k'ztg(p  4  y  2qw 

the  optimal  transverse  position  for  the  particle  beam 
centroid. 

In  order  to  remove  the  details  of  the  specific  accelerator 
mechanism  let  us  define  the  coupling  strength  gc  as  the 
ratio  between  the  local  acceleration  gradient  Ea  and 
vacuum  electric  field  of  the  focused  laser  beam 

(here  S0~4a,b).  Under  the  conditions  above  we  have  from 
(7,8): 

gc  =4(p/qw=4A/2^s/'9w^w  .  (9) 


3  BASIC  RELATIONSHIPS 

One  can  see  from  (3),  that  the  Fourier  coefficient  cqw  is  a 

function  of  coordinate  X  due  to  wave  front  inclination. 
With  taking  into  account  condition  \«a,b  the 
dependency  is  weak  at  small  glancing  angles  <p  <<1: 
(kz*Xtg<p)2«  1 ,  or  (cpXk)2«l  (4) 

If  the  angle  cp  is  small,  substantial  contribution  in  d> 
give  the  following  terms:  qw=0,  qw=odd.  We  consider 
below  only  resonance  acceleration,  i.e.  qw=l,3,5,... . 

Phase  velocity  related  to  the  speed  of  light  follows 
simply  from  (3): 

(  k  f  k 

Pph  =  l^w  ^ ~ 2  -f-  P’  cos  (p  J  cos  cp 

Then  for  y  »1  we  have  the  following  condition  of 
resonance: 

^  w _ q  w  +4p  ^ 

Xs  2sin2(cp/2)  +  y-2 /2 

One  can  obtain  from  (5)  for  fty2  »1,  cp  «1  and  Ma, 
Mb»l: 

XjX~2qJ<?2  (6) 

Note,  that  (6)  is  equivalent  to  analogous  condition  (2)  in 
[1]  when  cp  — MtrwV2/Xw«l.  From  (6)  one  can  estimate  the 
tolerance  on  the  most  critical  parameter  cp:  Acp/cp«l/2qw. 

For  the  practical  situation,  when  a-XJ4«a,  we  have 
from  (6)  and  (2)  the  following  important  rule: 

Nf=qy2, 

where  Nfa=Ma2/8rc  is  the  Fresnel  number  for  XOZ  plane. 


Note,  for  our  scheme  gc  is  equal  approximately  to  Ea/Ee 
defining  the  ratio  between  accelerating  field  and  surface 
field. 


Power  attenuation  length  Lall  can  be  defined  from  (7) 
provided  ohmic  losses  are  negligible: 


X  w  MaM^ 

2jt2ri  Mj  +M^ 


(10) 


4  PERFORMANCE  ESTIMATIONS 

It  is  seen  from  (10),  that  power  losses  are  proportional  to 
VV*  whereas  the  coupling  strength  scales  as 

V*Iw  •  Hence,  to  use  the  advantage  of  long  resonance 
acceleration  we  should  choose  higher  harmonics. 
However,  as  qw  increases  tolerances  becomes  more 
stringent.  Estimated  performance  parameters  of  the 
scheme  are  presented  in  the  Table  1  for  a,=b/3,  a~Xj4, 
wavelength  \=  10(tm  and  surface  field  Ec=5  GV/m. 

5  DISCUSSION 

Since  the  angle  tp  is  small  for  short  wavelengths,  ohmic 
losses  of  the  TE  modes  can  be  considerably  reduced  with 
the  help  of  special  corrugations  made  on  the  mirror 
surface  (having  period  <  XJ2  and  depth  (0.2-M3.5)Xs  )  or 
proper  dielectric  coating  (see  [2,5]).  Besides,  the  radiation 
losses  defined  in  (10)  on  the  basis  of  diffraction  in 
resonator  (Fig.  2)  for  waveguide  are  actually  less  due  to 
interference  effect  [4],  The  diffraction  losses  can  be 
reduced  further  by  enhancement  of  both  the  effect  with 
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proper  choose  of  the  relationships  between  \  a,<p  and 
figure  of  merit  Q  for  single  cell  due  to  mirror  curvature 
optimization. 

In  general  case  input  coupling  can  give  a  combination 
of  TE  and  TM  mode  [3],  Note,  for  the  TM  mode  one  can 
derive  from  (3),  that  coupling  strength  is  less  (gc=4<p2/qj 
and  X0  =0.  To  solve  this  multi-mode  problem  further 
study  is  necessary. 

The  main  disadvantage  of  the  scheme  compared  to  an 
Open  Iris  Loaded  Waveguide  (OILS,  [6])  is  dependence 
of  the  acceleration  rate  on  the  particle  transverse 
coordinate  (3).  This  imposes  rather  stringent  condition  for 
the  both  particle  beam  radius  and  beam  alignment 
tolerance  that  practically  should  not  exceed  several 
wavelengths  (see  (4)). 

Table  1.  Performance  parameters  for  the  rectangular 


mirror  waveguide. 


3 

5 

K,  cm 

1.2 

4 

<p,  mrad 

70 

50 

2h,  mm 

0.43 

1.0  I 

g„ 

0.06 

0.025 

Ma 

6.1 

7.9  ( 

L„„>  cm 

12.2 

80 

I  =P,/S„,  W/cm2 

4.5- 10'6 

1.3- 1017 

P„,W 

2.5- 10'° 

4-10" 

R,  Mfi/m 

0.6 

0.12 

Q 

7.6- 104 

510s 

E„  GeV/m 

0.35 

0.25 

6  SOME  VARIANTS 


To  reduce  the  diffraction  losses  limiting  the  acceleration 
section  length  one  can  use  cylindrical  or  spherical  mirrors 
(see  Fig.  3). 


Fig.  3.  Accelerating  waveguide  with  reduced  losses. 


One  can  provide  a  resonance  mechanism  in  OILW  by 
means  of  special  sections,  where  the  interaction  between 
particle  beam  and  field  is  negligible  (see  Fig.  4).  In  this 
sections  the  propagating  mode  is  converted  into  A-mode 
of  spheroidal  cavity  [4].  In  the  scheme  XJ2  lies  between 
L/2  and  Ls  (slippage  length).  An  average  acceleration  rate 
is  less  then  that  local  value  for  OILW  (up  to  twofold). 


Fig.  4.  Modified  OILW  to  provide  resonance  acceleration. 
Gray  thick  lines  show  flow  of  primary  power.  Dotted 
lines  show  caustics. 

7  CONCLUSION 

One  can  outline  the  following  attractable  features  of  the 
acceleration  scheme  considered: 

-  Relative  simplicity  for  manufacturing  of  the 
waveguide  composed  by  flat  mirrors  and  suitability  for 
acceleration  of  flat  beams. 

-  The  final  energy  gain  is  limited  by  attenuation  length 
rather  than  slippage  length,  because  it  is  resonance 
acceleration. 

-  Tapering  is  not  necessary  to  provide  synchronism 
between  relativistic  particles  and  accelerating  harmonic. 

-  Axicon  scheme  is  not  required  to  couple  the  laser 
power  in  the  structure. 

-  Synchrotron  radiation  losses  are  very  low  due  to  low 
equivalent  undulator  strength  KW<1[1], 
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Abstract 

One  major  challenge  in  constructing  a  dielectric  loaded 
travelling  wave  accelerator  powered  by  an  external  rf 
power  source  is  the  difficulty  in  achieving  effcient 
coupling.  In  this  paper,  we  report  that  we  have  achieved 
high  effiency  broadband  coupling  by  using  a  combination 
of  a  tapered  dielectric  section  and  a  carefully  adjusted 
coupling  slot.  We  are  currently  constructing  an  1 1.4  GHz 
accelerator  structure  loaded  with  a  permitivity=20 
dielectric.  Bench  testing  has  demonstrated  a  coupling 
efficiency  in  excess  of  95%  with  bandwidth  of  600  MHz. 
The  final  setup  will  be  tested  at  high  power  at  SLAC  using 
an  X-band  klystron  rf  source. 

1  INTRODUCTION 

The  proposed  use  of  rf  driven  dielectric  based 
structures  for  particle  acceleration  can  be  traced  to  the 
early  50’ s  [1].  Since  then,  numerous  studies  have 
examined  the  use  of  dielectric  materials  in  accelerating 
structures[2,3].  Advantages  and  potential  problems  of 
using  dielectric  material  are  discussed  in  the  references. 
More  that  recent  development  of  high  dielectric  constant 
(e  -  20  -  40  ),  low  loss  materials  (Q~  10,000  -  40,000) 
warrant  a  new  look  at  the  idea  [4,  transtech]. 

One  faces  a  challenging  problem  when  building  an 
actual  dielectric  accelerator  because  outer  diameter  of  the 
dielectric  is  much  smaller  than  the  rectangular  waveguide 
which  couples  the  external  rf.  Therefore,  realising 
impedance  matching  becomes  a  difficult  tasks.  There  is 
also  no  technical  references  treating  this  subject.  We 
found  that  by  using  a  combination  of  side  coupled  slots 
and  a  tapered  dielectric  near  the  coupling  slots,  one  can 
efficiently  couple  the  rf  from  the  rectangular  waveguide  to 
the  dielectric  waveguide.  In  the  prototype  11.4  GHz 
dielectric  loaded  accelerator  as  shown  in  Figure  1,  we 
have  achieved  >  95  %  power  coupling. 


a  b 

.  J_L 

^r 

Figure  1.  Schematic  diagram  of  a  dielelectric  loaded 
travelling  wave  accelerator. 


2  A  TRAVELLING  WAVE  DIELECTRIC 
LOADED  ACCELERATING  STRUCTURE 
BASICS 


The  dielectric  travelling  wave  accelerator  has  a  simple 
geometry.  Considering  a  cylindrical  structure  partially 
filled  with  dielectric  material  (e)  with  inner  radius  a,  outer 
radius  b  and  conducting  wall  on  the  outside.  There  are 
also  two  ports  on  the  side  for  RF  coupling  purposes,  as 
shown  in  Figure  1.  The  axial  electric  fields  inside  the 
structure  can  be  solved  for  exactly  as 


m  i(k  z-cot) 

EV’=E0I0(kr)e  z 

n\  i(kz-COt) 

£z(2)=[Biy0(^1r)  +  £>1A(^r)]c  z 


Here  E0 ,  B0  and  D,  are  the  field  amplitudes  in  the 


region  0  (vacuum)  and  1  (dielectric)  respectively  and  are 
related  by  boundary  conditions, and 


C  (2) 
s2=^(fi2e- !) 


where  Pc  =  v  =  (o/k  is  phase  velocity  of  the  wave 

travelling  inside  the  tube:  f)  determines  the  synchronism 
of  the  wave  and  the  accelerated  particles.  By  properly 
choosing  a,  b  and  e,  one  can  adjust  the  phase  velocity 
accordingly.  Thus  this  proposed  scheme  works  not  only 
for  acceleration  of  electrons  which  typically  has  phase 
velocity  ~  c,  but  also  for  low  phase  velocity  particle 
acceleration,  such  as  heavy  ions.  The  transverse  electric 
field  can  be  written  as 


^P2e-l) 


<%z 

dr 


(3) 


and  the  magnetic  field  H ^ 


=  eEr  everywhere  inside  the 


tube.  By  matching  the  boundary  conditions  at  a  and  b 
( E .  and  Dr  continous),  all  the  field  components  can  be 
calculated  accordingly. 

The  stored  energy  per  unit  length  U  in  the  tube  is  the 
sum  of  contributions  from  both  vacuum  and  dielectric 


regions,  and  can  be  expressed  as 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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U=±Zxl(ee0E2+v0B2)rdr 

2  0,1  (4) 

_  C  2 
~E0  “ 


where  u  is  a  geometric  factor  which  depends  solely  on  the 
structure  geometry  and  dielectric  constant.  For  a  given  RF 
power,  the  axial  electric  field  in  the  center  region  of  the 
tube  can  be  expressed  as 


*o=r 


UpgC 


I 

]2 


(5) 


where  Pg  is  the  group  velocity.  The  dielectric  loss  plus 
wall  loss  per  unit  length  is  then  found  from 

Rs  jds<H2  > 


TJ  = 


2*%Uout 

vg  W out  +  u  in) 


Wall 


coU 


(6) 


The  electric  fields  in  the  vacuum  region  described  by 
equation  1  and  3  have  very  interesting  characteristics. 
When  k—>0,  i.e.,  the  phase  velocity  of  the  wave  is  c,  Ez  is 
constant  in  r.  This  implies  that  there  are  no  focusing  and 
de-focusing  forces  for  a  relativistics  particle  travelling 
inside  the  vacuum  chamber.  This  is  critical  for  emittance 
preservation  in  the  linacs,  particularly  for  high  brightness 
electron  gun  development. 

3  CONSTRUCTION  AND  BENCH  TESTING 
OF  THE  11.4  GHZ  STRUCTURES 

We  have  developed  a  design  for  an  X-band  structure  (1 1.4 
Ghz)  using  the  parameters  given  in  table  I.  Choice  of  the 
dielectric  is  MgCaTi  compound  which  has  dielectric 
constant  of  20.  And  this  material  can  be  readily  obtained 
from  commercial  vendors.  The  group  velocity  for  the 
NLC  design  is  in  the  0.03  c  ~  0.05c  range  [5].  Thus 
dielectric  loaded  structure  is  having  a  comparable  shunt 
impedence  and  group  velocity  to  a  conventional  X-band 
structure  as  indicated  in  the  table  below.  As  shown  above, 
one  of  the  interesting  characteristics  of  this  structure  is 
that  the  frequency  of  the  HEM  11  mode  (first  deflection 
mode)  is  lower  than  that  of  the  acceleration  mode. 
Because  the  deflection  force  is  a  function  of  sin(kz),  this 
implies  very  different  and  improved  conditions  for  the 
single  bunch  BBU  problem  compared  to  conventional 
structures  where  the  HEM  11  is  always  higher  in  frequency 
than  the  accelerating  TM01  mode. 

Table  :  Dimensions  and  physical  properties  of  the  1 1.4 
GHz  dielectric  tube 


Material 

MgCaTi 

e  (diele.  const.) 

20 

Tapered  Angle 

8° 

Loss  tangent  5 

io-4 

Inner  Radius  a 

0.3  cm 

Outer  Radius  b 

0.456  cm 

HEM11 

9.96  Hz 

group  velocity 

0.057  c 

Attenuation 

4  dB/m 

Power  needed  (lOMV/m) 

2.6  MW 

The  RF  coupling  scheme  we  used  here  is  similiar  to 
the  side  coupled  method  used  for  conventional  disk- 
washer  RF  cavities.  Impedance  matching  of  the  coupling 
slotsis  more  difficult  in  the  high  £  dielectric  case  because 
the  outer  radius  of  the  dielectric  tube  is  much  smaller  than 
the  waveguide. 

Basically  speaking,  one  would  like  to  obtain  maximum 
RF  transmission  through  the  two  coupling  slots.  In  order 
to  achive  high  efficiency  coupling,  the  dielectric  tube  near 
the  coupling  slots  is  tapered.  The  tapered  angle  was 
chosen  to  be  8°  for  initial  convenience.  This  tapered 
section  serves  as  a  broad  band  quarter  wave  transformer 
for  impedance  matching.  No  other  angles  were  tested,  but 
it  is  not  expected  that  the  taper  angle  is  critical.  The 
detailed  configuration  of  the  tapered  dielectric  structure 
and  coupling  slots  are  shown  in  Figure  1. 

A  25  cm  long  prototype  structure  was  constructed  with 
the  parameters  in  table  1.  The  dielectric  materials  was 
obtained  from  Trans  Tech.  The  coupling  slot  dimensions 
are  4.7  mm  x  5.69  mm.  By  careful  adjustment  of  the 
coupling  slots  and  monitoring  the  S-parameters  using  an 
HP8510C  network  analyzer,  we  have  achieved  a  reflection 
coefficeint  Sll<  -  13  dB  and  transmission  S21  >  -1.5  dB 
@  1 1.43  GHz  as  shown  in  Figures  2  and  3  respectively. 

We  plan  to  continue  engineering  studies  of  this 
accelerating  structure  with  improved  RF  coupling  and 
mechanical  fixture  to  allow  operation  in  vacuum, 
eventually  leading  to  a  high  power  test  at  SLAC  of  a 
demonstration  accelerator  section  to  resolve  practical 
issues  such  as  breakdown  voltage,  thermal  heating  etc. 
With  100  MW  power,  we  can  test  this  structure  at  a  60 
MV/m  gradient. 


f  (GHz) 


Figure  2.  SI  1  for  the  optimally  coupled  waveguide  results. 
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Measured  Transmission 


f  (GHz) 


Figure  3.  S21  between  two  optimally  coupled  2  ports 


SAM_P1_1 


Figure  4.  Calculated  Sll  parameter  using  MAFIA  At 
1 1.7  GHz,  the  SI  1  is  almost  0. 

4  NUMERICAL  SIMULATIONS  OF  THE 
COUPLING  PORT  USING  MAFIA 

In  order  to  verify  the  coupling  method  developed 
experimentally,  we  have  used  MAFIA  [6]  to  simulate  the 
parameters  described  in  the  last  section.  As  expected,  the 
simulation  process  was  tedious  and  time  consuming.  Due 
to  the  relatively  small  size  of  the  coupling  slot,  special 
attention  has  to  be  given  for  mesh  size  in  the 
neighborhood  of  the  slot. 

Figure  4  shows  the  calculated  Sll,  although  it  is 
peaked  at  11.7  GHz  for  the  given  geometry,  it  does  give 
qualitative  agreement  with  the  bench  top  measurement.  In 
the  calculation,  with  assumption  of  no  dielectric  loss  and 
no  wall  loss,  we  have  achieved  S21  of  near  1.0  as  shown 
in  Figure  5.  In  comparison  with  -1.6  dB  measurement  in 
Figure  3  where  the  wall  losses  dominated. 


5  SUMMARY 

In  summary,  we  have  constructed  and  studied  a 
prototype  1 1.4  GHz  dielectric  loaded  waveguide.  Careful 
engineering  considerations  were  implemented.  We  have 
achieved  efficient  coupling  from  port  to  port.  A 
demonstration  accelerator  for  high  power  test  has  been 
designed  and  is  under  construction.  Our  goal  is  to  achieve 
50-  100  MV/m  so  it  can  be  used  as  a  viable  alternative 
for  the  accelerating  structures.  Some  pratical  issues 
concerning  high  power  breakdown  and  thermal  heating 
will  be  answered  through  careful  experimental  studies 
and  new  materials  development. 

This  work  is  supported  by  DOE,  High  Energy  Physics 
Division  under  contract  No.  W-31-109-ENG-38. 
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Figure  5.  Calculated  S21  corresponding  to  the 
parameters  in  the  Figure  5.  Almost  perfect  coupling 
was  achieved  here. 
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Abstract 

We  discuss  wakefield  excitation  and  propagation  in 
dielectric  structures,  particularly  concentrating  on  the  case 
of  multiple  drive  beam  excitation  in  multimode  structures. 
We  emphasize  calculations  of  the  energy  loss  of  the  drive 
bunch  train,  the  amplitude  of  the  wakefield,  and  the 
relation  between  power  flow  and  stored  energy  in  the 
dielectric  wakefield  device.  We  show  that  for  a  collinear 
multimode  structure  the  amplitude  of  the  wakefield 
generated  by  a  bunch  train  is  less  than  or  equal  to  the 
wakefield  generated  by  a  single  bunch  of  the  same  total 
charge.  Furthermore,  the  transformer  ratio,  R,  is  shown  to 
be  always  less  than  2,  even  in  the  multiple  drive  beam 
case.  Plans  for  an  experiment  to  measure  wakes  in  a 
multimode  structure  at  AWA  are  presented. 

1  INTRODUCTION 

The  efficiency  of  a  collinear  wakefield  accelerator 
scheme,  i.e.  one  for  which  the  drive  and  witness  beams 
follow  identical  trajectories  through  the  accelerator  system 
is  limited  by  the  transformer  ratio  R.  Under  very  general 
assumptions  R  <  2,  where  R  is  defined  as  the  ratio  of  the 
maximum  energy  gain  behind  the  drive  bunch  to  the 
maximum  energy  loss  inside  the  drive  bunch  [2].  There 
have  been  a  number  of  techniques  studied  to  enhance  the 
transformer  ratio  by  violating  one  or  more  assumptions  of 
the  wakefield  theorem:  asymmetric  drive  beams  [3], 
noncollinear  drive/test  beams  [4]  and  more  [5,6]. 

A  recent  article  [1]  has  described  a  multimode  dielectric 
structure  driven  by  a  bunch  train.  The  authors  make  two 
claims.  One,  a  small  transformer  ratio  enhancement  for 
the  single  bunch  case  is  obtained  through  the  use  of  a 
superposition  of  multiple  modes.  Two,  a  larger  effect 
(than  expected  from  linear  scaling  with  total  drive  charge) 
is  predicted  in  the  case  of  multiple  drive  bunches  and 
attributed  to  a  process  described  as  “stimulated  emission” 
of  Cherenkov  radiation.  We  have  reanalyzed  the  problem 
of  multimode  structure  wakefields  using  the  same 
assumptions  as  the  authors  of  reference  [1].  We  have 
concluded  that  there  is  no  enhancement  in  the  transformer 
ratio  beyond  that  expected  in  the  linear  theory.  Multimode 
dielectric  structures,  however,  are  of  some  scientific 
interest.  We  are  currently  preparing  an  experiment  at  the 
Argonne  Wakefield  Accelerator  [7]  to  study  wakefields 
produced  by  a  bunch  train  in  one  of  these  devices.** 


'  This  work  is  supported  by  DOE  contract 
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2  MULTIPULSE,  MULTIMODE  DEVICES 

2.1  Direct  Solution  of  the  Wave  Equation 

One  can  determine  the  wakefield  excitation  of  any  cylin- 
drically  symmetric  structure  [9]  by  first  finding  the  point 
charged  particle  (Green  Function)  solution, 

Gz(r,z)  =  j?  Gn(r)  cos(k„ z)  (1) 

rt=l 

For  a  series  of  M  bunches  separated  by  a  distance,  X,  (a 
"bunch  train")  the  charge  distribution  can  be  expressed  as, 
M 

f(z)  =  ^fm(z-mjl)  (2) 

m= 1 

The  total  wakefield  excited  by  a  bunch  train  at  any  point 
z  (which  may  be  inside  a  bunch)  is  obtained  by  taking  the 
convolution  of  the  Green  function  [1]  over  the  charge 
distribution  [2], 

Wfr,  z)  =  J  £  G„(r)cos[(knz  -  z')]}dz 

n= 1 

(3) 

m=\ 


2.2  Conservation  of  Energy 

For  the  mh  bunch  in  the  train,  the  energy  loss  per  unit 
distance  traveled  (UJ  can  be  expressed  as, 

oo  Z 

Um  =  J dzfm  (z  -  mX)  J dz’fm  (z  -  mA)G(r,  z  -  z) 

“  m-l  fA\ 

+  j dzfm  (z  -  mX)^  Wan  {r,z)  (  ' 

m’=I 


In  (4)  the  total  energy  loss  is  comprised  of  two  terms: 
that  due  to  the  m111  bunch  (first  term)  and  that  due  to  the 
previous  m-l  bunches  (second  term).  The  stored  energy 


per  unit 


f  i  z+L  i 

length  j—  \dz\ds{eE2  +ff,2)j 


is 


U  =  K 


(  M 


m= 1  n=l 


J 


(5) 


where  Tjnm  is  a  form  factor  depending  on  the  detailed 
bunch  distribution,  Wm  is  the  peak  wakefield  left  behind 
by  the  mth  bunch  and  K  is  a  geometric  factor  that  can  be 
determined  either  through  direct  integration  or  by  the 
method  shown  in  the  following  section. 
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By  energy  conservation,  the  stored  energy  per  unit 
length  (5)  is  equal  to  the  sum  of  the  energy  loss  by  each 
bunch  (4)  plus  the  energy  flow  (P)  of  the  wave. 

f  m  V  M  M  p  m  v 

IX I  =S£/»+i^=Xt/ma+-L) (6) 

m=\  c 


U  =  K 


J 


c 


where  the  result  U m  =  Pm  !vg  [10]  has  been  used. 


Using  (4)  to  calculate  the  energy  loss  of  the  first  bunch, 
one  can  use  (6)  to  calculate  the  wakefield  of  subsequent 
bunches  (as  done  in  ref.  [1]).  However,  one  has  to  evalu¬ 
ate  the  right  hand  side  of  (6)  carefully,  because  Um 
depends  not  only  on  the  self  wakefield,  but  also  on  the 
wakefield  generated  by  previous  bunches;  more  impor¬ 
tantly,  it  has  strong  dependence  on  the  detailed 
distribution  of  the  mlh  bunch. 


2.3  Gaussian  Bunch  Train  Example 


We  consider  wakefields  generated  by  a  train  of  M 
gaussian  bunches  in  a  perfectly  harmonic  structure  (i.e. 
where  the  modes  are  equally  spaced  in  frequency). 


f(z)  = 


N 


M 


(z-ml)2 
2<x  2 


(2jt) 


1/2 


m~  1 


(7) 


The  energy  loss  by  the  Is1  (m  =1)  bunch  (4)  is 


1  °° 

U\  =-IXexp(-(fcn<Tz)2  (8) 

4  n-l 


The  wakefield  behind  this  bunch  (z  »  cj  is  then  easily 
obtained  (3)  as 

wAz)  =  ^Gn  exp(-  — ^  -) cos kn z  (9) 

«=i  2 


For  a  perfectly  harmonic  structure,  at  z=A,  cos  (knz)  =1. 
Therefore,  the  maximum  wakefield  left  behind  at  z=A  is, 

w,,=SG.exP(-^r^-)  no) 

n=l  2 


Using  equation  6,  we  find  K  as 

!jTG„exp(-(fc„crz)2 
K  =  - 5-(l  +  -l-) 


IX  exp(_ 

71=1 


(K^ly) 


(id 


Now  we  calculate  the  wake  amplitude  after  the  2nd  bunch. 
The  energy  loss  of  the  second  beam,  U2,  is 

u2 =^XG<.exp(~(*»o'z)2)+XG«exp(_(^o'()2)  (12) 

2  n=l  n= 1 

Solving  equation  6  for  two  bunches  we  now  have 
K(Wt  +W2)2  =  (Ut+U2)(l  +  vJc)-  Using  this  result  and 

equation  12  we  have,  Wx+W2  =  2WX  and  therefore, 

W2=W,  (13) 


In  the  same  way,  one  can  prove 

W2=W3=-  =  WM  (14) 

From  above  calculation,  we  conclude  that  the  wakefield 
can  be  calculated  using  linear  superposition  (convolution 
of  the  Green  function  for  a  point  particle  over  the  charge 
distribution  of  the  multiple  bunches)  or  by  conservation  of 
energy.  Both  methods  yield  identical  results;  there  is  no 
transformer  ratio  enhancement  in  either  the  single  or 
multiple  bunch  multimode  devices. 

3  DESIGN  OF  A  MULTIMODE 
DIELECTRIC  STRUCTURE 

A  multiple  beam,  multimode  dielectric  wakefield 
accelerator  (M-DWFA)  is  designed  for  an  experiment  at 
the  AWA  using  the  analytic  results  for  dielectric  structure 
derived  in  reference  [9].  The  structure  is  a  cylindrical 
dielectric  waveguide  (e  =  38.1)  with  an  inner  radius  0.5 
cm,  outer  radius  1.44  cm  and  60  cm  in  length.  The  AWA 
can  transport  a  10  nC  beam  through  a  60  cm  long  tube 
with  a  1  cm  diameter  hole.  For  the  multiple  beam 
experiment  at  AWA,  the  acceleration  wavelength  is 
designed  to  be  23.05  cm  since  Xrf  is  23.05  cm  at  1.3  GHz. 
Successive  drive  bunches  can  then  be  located  one 
fundamental  wavelength  apart  in  the  M-DWFA. 

4  EXPERIMENTAL  SETUP 

The  AWA  drive  linac  is  configured  to  provide  a  collinear 
bunch  train  of  4  bunches,  each  with  charge  Q  =  10  nC, 
bunch  length,  =  2  mm  and  energy  spread  cte/E  =  1%. 
Each  bunch  must  be  placed  so  that  the  individual  wakes 
left  by  each  bunch  adds  constructively  to  the  wake  of  the 
preceding  bunch.  For  our  experimental  configuration, 
simulation  show  that  the  spacing  between  bunches  must  be 
accurate  to  within  1  mm  out  of  230.5  mm  for  appreciable 
constructive  interference  to  take  place. 


Figure  1:  Energy  Measurement  System.  The  decelerated 
drive  bunch  train  passes  through  a  Tungsten  slit,  which  is 
imaged  through  a  60°  bend  onto  a  phosphor  screen. 

This  fact  places  a  high  demand  on  the  AWA’s  energy 
measurement  system.  A  new  imaging  spectrometer  was 
developed  [Fig.  1]  to  provide  improved  momentum 
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resolution  over  a  wider  range  while  reducing  the 
sensitivity  to  beam  jitter. 

5  SIMULATION  OF  THE  EXPERIMENT 

Before  a  witness  beam  can  be  accelerated,  the  4  drive 
beams  must  be  properly  positioned.  To  this  end,  we 
designed  an  experiment  to  accurately  measure  the  energy 
spectrum  of  the  4  drive  beams.  Using  the  method  of  [9] 
and  the  expression  for  the  wakefield  of  a  bunch  train  from 

[8]  the  computed  wake  potential  as  a  function  of  z  (the 
distance  behind  the  first  bunch)  is  shown 


z  (cm) 

Figure  2:  The  wake  excited  by  4  monochromatic  drive 
beams.  (Beam  moving  right  to  left.) 

in  Fig.  2.  Using  the  results  displayed  in  Fig.  2  one  may 
easily  extract  the  energy  spectrum  generated  by  the  4 
monochromatic  drive  beams.  Projecting  the  wake 
experienced  by  each  particle  within  the  bunch  onto  the 
energy  axis  and  scaling  by  the  appropriate  values  of  L  and 
Q  gives  this  spectrum.  The  total  energy  spectrum  is  then 
computed  by  taking  the  convolution  of  the  monochromatic 
energy  spectrum  with  the  drive  bunch’s  energy  distribution 
function,  which  is  measured  to  be  approximately  Gaussian 
in  shape.  For  tube  length  L  =  59.87  cm,  charge  Q  =  10  nC, 
energy  spread  cJE  =1%  and  initial  drive  beam  energy  of 
14  MeV  we  plot  the  total  energy  spectrum  in  Fig.  3. 


9  10  11  12  13  14 

Energy  (MeV) 


Figure  3:  Energy  spectrum  of  bunch  train  after  exiting  the 
multimode  structure 

The  multimode  structure  may  have  tighter  manufacturing 
tolerances  than  the  single  mode  device  because  of  the 
requirement  that  the  various  modes  constructively 


interfere  at  the  appropriate  delays  corresponding  to  the 
spacing  of  the  bunch  train.  An  error  in  either  E  or  the 
geometry  leads  to  a  change  in  the  accelerating  wave¬ 
length.  We  examine  as  typical  the  case  of  a  maximum 
deviation  from  the  nominal  value  of  the  permittivity. 
Given  the  vendor’s  specification  of  e  =  38.1±2%  we 
calculate  the  wakefield  excited  by  the  same  bunch  train  as 
above  but  with  e  =  37.34  (38.86)  corresponding  to  -2% 
(+2%)  out  of  tolerance.  This  results  in  a  shortening 
(lengthening)  of  the  acceleration  wavelength  by  2.5  mm 
(1.5  mm).  The  effect  of  this  is  that  the  drive  bunches 
arrive  late  in  the  structure  causing  the  wakefields  of  the 
individual  bunches  to  begin  to  destructively  interfere  with 
each  other.  However,  the  bunch  train  can  easily  be 
adjusted  to  accommodate  the  errant  wavelength. 

A  more  serious  problem  is  that  e  may  not  be  constant 
over  the  frequency  range  excited  causing  the  nearly 
harmonic  spectrum  and  hence  the  constructive 
interference  to  be  disrupted. 

6  SUMMARY 

We  have  calculated  the  wakefields  in  multimode  dielectric 
structures  excited  by  a  bunch  train.  We  found  no 
enhancement  to  the  transformer  ratio  when  a  single  beam 
drives  this  structure.  We  found  no  wakefield  enhancement 
for  this  device  over  a  single  beam  with  the  same  total 
charge  as  the  drive  train.  Our  calculations  show  that  the 
method  of  linear  superposition  and  the  energy 
conservation  method  both  predict  the  same  wakefields. 
This  type  of  wakefield  device  may  still  have  good 
breakdown  properties  due  to  its  relatively  short  rf  pulse. 
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Abstract 

A  class  of  planar  microstructures  is  proposed  which 
provide  high  accelerating  gradients  when  excited  by  an 
infrared  laser  pulse.  These  structures  consist  of  parallel 
dielectric  slabs  separated  by  a  vacuum  gap;  the  dielectric 
or  the  outer  surface  coating  are  spatially  modulated  at  the 
laser  wavelength  along  the  beam  direction  so  as  to 
support  a  standing  wave  accelerating  field.  We  have 
developed  numerical  and  analytic  models  of  the 
accelerating  mode  fields  in  the  structure.  We  show  an 
optimized  coupling  scheme  such  that  this  mode  is  excited 
resonantly  with  a  large  quality  factor.  The  status  of 
planned  experiments  on  fabricating  and  measuring  these 
planar  structures  will  be  described. 

1  INTRODUCTION 

Advances  in  the  technology  of  lasers  have  led  to 
increased  interest  in  their  potential  applications  for 
accelerating  particles.  Plasma  beat  wave[l]  and  laser 
wakefield[2]  acceleration  methods  use  laser  radiation  to 
drive  a  plasma  wave  with  luminal  phase  velocity.  The 
longitudinal  electric  fields  in  this  plasma  wave  are  in  turn 
used  to  accelerate  an  electron  beam.  Inverse 
Cherenkov[3]  and  inverse  free  electron  laser  [4] 
acceleration  techniques  use  light  optics  or  magnetic  fields 
respectively  to  achieve  an  electric  field  component 
parallel  to  the  beam  direction  from  the  transverse  electric 
field  in  the  laser  pulse.  We  have  proposed  a  class  of 
resonant  dielectric  loaded  planar  structures[5]  capable  of 
producing  GeV/m  accelerating  gradients  which  are  driven 
by  laser  radiation  much  as  a  conventional  rf  cavity  is 
driven  by  microwave  power  from  a  klystron. 

The  basic  idea  is  the  use  of  a  dielectric  microstructure, 
analogous  to  a  Fabry-Perot  resonator,  consisting  of  a  two 
parallel  dielectric  planes  separated  by  a  vacuum  gap  and 
with  a  partially  transmissive  coating  on  the  exterior  (see 
Figure  1).  Some  parameters  of  the  structure  are  assumed 
to  vary  periodically  in  the  beam  direction  at  the 
wavelength  of  the  illuminating  laser.  A  standing  wave 
with  an  appropriate  phase  velocity  forward  component  is 
induced  in  this  periodic  structure  by  the  laser  pulse,  which 
in  turn  accelerates  the  beam.  The  laser  pulse  is  swept 
along  the  surface  of  the  structure  such  that  the  cavity  is 
filled  only  in  the  neighborhood  of  the  beam.  The 


relatively  low  Q  of  these  devices  (100-1000)  and 
correspondingly  short  fill  times  (~0.5  ps)  allows  gradients 
of  1  GeV/m  to  be  obtained  before  breakdown  becomes 
problematic[9].  The  beam  aspect  ratio  is  highly  asym¬ 
metric;  the  ribbon  beam-planar  structure  configuration  is 
advantageous  in  that  dipole  deflecting  modes  are  sup¬ 
pressed^],  analogous  to  the  vanishing  of  the  transverse 
deflection  for  TMOn  modes  in  conventional  structures. 


■  Metal  □  Dielectric 

Figure  1.  Geometry  of  slab-symmetric,  laser-excited, 
dielectric-loaded  resonant  accelerator  structure. 

A  number  of  different  methods  have  been  investigated 
to  introduce  the  necessary  periodic  variation  in  the 
structure  geometry.  The  original  paper  in  this  area[5] 
suggested  the  use  of  a  longitudinally  modulated 
permittivity  in  the  dielectric.  While  this  was  attractive 
from  the  point  of  view  of  construction  and  analysis  (one 
could  concievably  generate  the  modulation  by  “writing” 
an  interference  pattern  in  a  photorefractive  dielectric  with 
a  second  laser)  it  proved  to  be  difficult  to  obtain  good 
coupling  of  the  laser  energy  to  the  accelerating  field. 
More  recent  analyses  have  concentrated  on  using  a 
spatially  unvarying  dielectric  medium  and  modulating  the 
transmittivity  of  the  coating  [7].  This  approach  was  found 
to  improve  the  laser  coupling  to  the  structure  significantly 
but  was  found  to  yield  uncomfortably  large  surface  fields 
on  the  structure. 

We  discuss  here  some  recent  progress  in  the 
understanding  of  slab  structure  design.  We  have 
investigated  the  use  of  finite  thickness  conductive 
cladding  on  the  structure,  with  a  single  coupling  slot  per 
period.  With  this  geometry  good  coupling  of  laser  energy 
to  the  accelerating  fields  can  be  obtained,  while  at  the 
same  time  reducing  the  surface  field/accelerating  field 
ratio  significantly  over  our  previous  results.  The  shape  of 
the  coupling  slot  is  also  seen  to  be  important,  in  that  the 
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introduction  of  a  taper  at  the  slot  opening  provides 
improved  coupling  over  the  case  of  a  rectangular  slot 
profile. 


2  NUMERICAL  RESULTS 

In  the  study  of  these  structures  we  have  found  it  useful  to 
rely  on  numerical  solution  of  the  Maxwell  equations  in 
slab  geometry.  We  use  a  custom  finite  difference  time 
domain  code  to  inject  and  propagate  the  laser  fields  into 
the  structure  geomerty  under  study.  The  program 
implements  periodic  boundary  conditions  in  z  (the  beam 
propagation  direction)  and  absorbing  boundary  conditions 
in  y  (the  laser  propagation  direction)  to  handle  any 
reflected  laser  energy  from  the  structure.  The  structure  is 
assumed  to  be  of  infinite  extent  in  the  jc-view.  For  a  given 
structure  geometry,  the  integration  is  continued  until  a 
steady  state  condition  is  reached.  The  structure  is  “tuned” 
numerically  by  adjusting  one  of  its  parameters  (typically 
the  dielectric  constant)  until  the  asymptotic  stored  energy 
is  maximized.  (In  the  laboratory  one  would  tune  the 
structure  by  changing  a  geometrical  parameter  like  the 
vacuum  gap  size.) 

We  have  analyzed  a  structure  with  dielectric  thickness 
( b-a )  equal  to  the  vacuum  gap  (z  =1.6  pm),  period  of 
10.6  pm  (corresponding  to  a  commone  C02  laser  line), 
and  dielectric  constant  f  =  3.7 .  The  conductive  cladding 
thickness  in  the  simulation  is  0.3  pm.  The  laser  coupling 
and  field  strengths  in  the  structure  were  studied  as  a 
function  of  the  shape  of  the  coupling  slot.  While  not 
exhaustive,  these  calculations  indicate  a  promising 
approach  to  the  problem  of  coupling  optimization.  The 
following  results  are  normalized  to  a  peak  laser  electric 
field  of  0.25  Statvolt/cm  =  75  kV/m. 


x  (mkroa) 


Figure  2.  Pseudocolor  contour  map  of  Ez  in  the  comput¬ 
ational  area  for  the  tapered  aperture  structure.  Laser  radia¬ 
tion  is  incident  from  the  top  of  the  figure  (y=0).  The  area 
depicted  in  solid  black  is  the  conductive  cladding,  and  the 
thin  black  line  indicates  the  dielectric-vacuum  boundary. 


In  reference[7],  the  fields  of  a  similar  structure  having  an 
infinitesimally  thick,  sinusoidally  modulated  transmit- 
tivity  outer  cladding  were  computed.  While  reasonable 
coupling  was  achieved,  it  was  also  pointed  out  that  the 
surface  electric  field  on  the  mirror-dielectric  interface  was 
undesirably  large,  roughly  twice  the  maximum  field  in  the 
vacuum  gap.  The  case  of  a  finite  thickness  mirror  with  a 
rectangular  aperture  was  studied  for  this  paper.  For  a  2 
pm  slot  width  the  corresponding  peak  surface  field  is  2.0 
Statvolt/cm  for  a  gap  field  amplitude  of  1.06  Statvolt/cm. 
The  largest  surface  fields  in  this  device  occurred  at  the 
exterior  comers  of  the  slot;  this  might  be  further  improved 
by  rounding  the  corners.  (The  present  version  of  the 
simulation  code  cannot  handle  curved  boundaries  except 
via  a  stairstep  approximation.)  An  increase  in  the 
coupling  slot  width  to  3  pm  produced  slightly  worse 
results  with  a  surface  field/gap  field  ratio  of  1 .9/0.87. 

The  effect  of  tapering  the  aperture  of  the  coupling  slot 
is  shown  in  Figure  2.  The  surface  field/gap  field  ratio  is 
relatively  small,  1.56/1.23,  while  the  gap  field  strength  is 
also  a  maximum  for  all  similar  device  geometries.  Stored 
energy  and  gap  field  strengths  vs  time  are  shown  in 
Figure  3.  From  the  energy  history  we  can  read  off  a  fill 
time  of  0.57  ps,  corresponding  to  (7=102.  As  we  have 
discussed  previously [7],  the  fields  in  the  vacuum  gap  are 
a  superposition  of  Fabry-Perot-like  (zero  phase  shift  per 
period,  providing  no  net  acceleration)  and  accelerating 
(forward  wave  componet  resonant  with  an  ultrarelativistic 
particle)  modes.  The  Fabry-Perot  mode  amplitude  has 
been  diminished  to  20%  of  the  accelerating  mode 
amplitude  in  the  present  case,  solely  through  through  the 
periodicity  of  the  coupling.  This  proportion  seems  to  be 
about  the  most  favorable  we  have  been  able  to  obtain. 


Figure  3.  Fill  curves  for  the  tapered  aperture  structure. 
The  fill  time  is  0.56  ps,  corresponding  to  <2=102.  The 
stored  energy  is  normalized  to  its  maximum  value,  while 
the  accelerating  and  Fabry-Perot  modes  are  shown 
relative  to  the  accelerating  field  amplitude. 
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3  CONCLUSIONS 


We  have  studied  a  class  of  dielectric  loaded  structures  for 
laser  acceleration  which  can  potentially  produce  GeV/m 
gradients.  We  have  given  some  consideration  to  questions 
of  structure  breakdown  and  preservation  of  beam  quality. 
Resonant  planar  structures  showing  good  coupling  of 
laser  radiation  to  the  desired  accelerating  mode  have  been 
demonstrated  numerically,  with  reasonable  surface 
field/vacuum  field  strengths  and  quality  factors 
commensurate  with  the  requirements  of  a  practical 
accelerator.  These  properties  imply  that  the  structure  is  a 
good  candidate  for  further  development  as  an  accelerator, 
as  it  can  be  coupled  well  (it  can  be  fully  impedance 
matched  upon  filling,  just  as  a  standing  wave  linac 
cavity).  This  development  will  probably  proceed  at  10.6 
micron  design  wavelength.  Choice  of  this  wavelengthe  is 
based  both  on  availability  (e.g.  at  the  UCLA  Neptune 
laboratory [9]),  and  on  mitigation  of  the  experimental 
challenges  one  faces  on  moving  orders  of  magnitude 
down  in  accelerator  wavelength. 
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Abstract 

We  have  installed  a  dielectric-lined  wakefield  accelerator  at 
the  Accelerator  Test  Facility  (ATF),  Brookhaven  National 
Laboratory.  The  first  experiment,  reported  here,  uses  a  sin¬ 
gle  0.2  nC,  10  psec  bunch  of  40  MeV  electrons  to  excite  the 
multi-mode  TMom  wakefields  which  trail  the  bunch.  The 
device  is  configured  as  a  cylindrical  waveguide  containing 
an  annular  alumina  liner;  the  electrons  move  along  the  axis 
of  symmetry  inside  a  3  mm  diameter  bore  hole.  The  spec¬ 
trum  of  modes  set  up  by  the  electron  bunch  is  picked  up  by 
a  radial  probe  and  detected  by  a  spectrum  analyzer;  this  is 
compared  with  theory.  This  spectrum  can  be  used  to  con¬ 
struct  the  axial  wakefield  pattern. 

1  INTRODUCTION 

In  a  dielectric  wakefield  accelerator,  a  dielectric  loaded 
waveguide  supports  wakefields  radiated  by  the  passage  of 
an  electron  bunch  which  travels  at  the  speed  of  light  in  the 
structure  (Cerenkov  Radiation).  Our  studies  here  relate  to  a 
cylindrical  structure,  consisting  of  a  thick  cylindrical  shell 
of  alumina  (/t  ~  9.6)  having  a  small  bore  hole  (3  mm  dia.) 
which  permits  the  electron  beam  to  pass  down  the  axis, 
and  a  comparatively  large  outer  radius  (R  =  2.064  cm),  all 
contained  within  a  close-fitting  conducting  cylinder  which 
serves  as  a  vacuum  wall.  In  this  paper,  we  describe  exper¬ 
imental  results  including  portions  of  the  spectrum  of  mi¬ 
crowave  modes  excited  by  the  passage  of  a  single  0.2  nC, 
10  psec,  40  MeV  (ATF  diagnostics)  bunch  of  charge  pro¬ 
vided  by  the  ATF  rf  linac  at  Brookhaven  National  Labora¬ 
tory.  This  spectrum  compares  favorably  with  the  computed 
spectrum,  obtained  by  solving  the  dispersion  relation  of  the 
structure[l]. 

The  particular  waveguide  used  here  has  two  novel  prop¬ 
erties:  First,  the  dimensions  and  large  n  will  favor  the 
coherent  superposition  of  many  waveguide  modes,  travel¬ 
ling  with  the  electron  speed,  which  cause  a  narrow,  highly- 
defined  pulse  of  axial  electric  field  Ez  to  repeat  periodi¬ 
cally  along  the  axis  of  the  device.  Factors  which  favor  a 
sharply-defined  high  amplitude  wakefield  pulse  are:  (1)  a 
small  bore  hole;  (2)  a  dispersion-free  dielectric;  (3)  a  very 
short  bunch  containing  as  much  charge  as  possible.  How¬ 
ever,  these  agreeable  features  do  not  by  themselves  advance 
in  a  significant  way  the  prospects  for  using  wakefields  to 
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achieve  high  accelerating  gradients  in  future  accelerators. 
Second,  we  can  exploit  the  nearly-periodic  characteristic  of 
these  wakefields  by  locating  additional  drive  bunches  in  the 
decelerating  field  of  the  previous  bunches  such  that  the  con¬ 
structive  interference  of  the  fields  will  build  up  a  truly  large 
accelerating  gradient.  The  strategy  of  the  multiple  bunch 
wakefield  accelerator  is  to  use  a  train  of  very  short  (perhaps 
~  1  psec  in  the  future)  bunches  to  build  up  a  larger  wake¬ 
field  than  could  be  obtained  from  a  single  bunch  of  pro¬ 
portionally  higher  charge.  This  can  occur  because  shorter 
bunches  are  much  more  effective  in  setting  up  strong  wake¬ 
fields  than  are  longer  bunches. 

The  principles  of  such  an  accelerator  have  been  set 
forth[2]  in  a  simplified  geometry.  The  first  bunch  radiates 
coherent  spontaneous  Cerenkov  radiation.  The  next  drive 
bunch  in  addition  radiates  stimulated  radiation,  because  it 
is  located  in  the  decelerating  field  of  the  first  bunches,  and 
so  on.  This  permits  a  rapid  buildup  of  the  wakefields  at 
the  position  where  a  test  bunch  follows  in  the  accelerating 
phase.  The  lack  of  dispersion  in  alumina[3]  means  that  the 
waveguide  modes  can  have  nearly-constant  frequency  dif¬ 
ferences.  Thus  dispersion  does  not  smear  out  the  pulses  of 
high  wakefield  intensity.  Wakefield  devices  such  as  this  one 
are  subject  to  the  following  problems:  (1)  dielectric  break¬ 
down,  at  some  field;  (2)  instability  (caused  principally  by 
the  dipole  mode);  (3)  slippage.  However,  temporarily  set¬ 
ting  aside  these  issues  (which  may  be  helped  by  separat¬ 
ing  the  drive  beam  line  from  the  accelerated  beam  line  and 
staging),  in  this  paper  we  are  preparing  to  study  the  multi¬ 
bunch  wakefield  acceleration  in  an  experiment  which  will 
be  run  at  ATF,  starting  with  a  single  bunch. 

In  order  to  do  the  multibunch  experiment,  careful  mea¬ 
surements  must  be  made  to  prepare  the  device  so  that  the 
wakefields  will  have  the  correct  periodicity  for  the  chosen 
accelerator  system.  Since  the  ATF  uses  a  2.85  GHz  power 
source  and  a  laser  rf  photocathode  gun,  the  drive  bunches 
are  to  be  separated  by  21  cm,  and  the  test  bunch  will  follow 
at  10.5  cm.  These  bunches  will  be  obtained  by  taking  one 
laser  pulse  and  splitting  it  into  three  drive  bunch  pulses  and 
one  weak  test  bunch  pulse:  the  structure  is  about  54  cm  in 
length.  We  report  our  first  measurements  of  the  rf  spectrum 
from  the  passage  of  a  single  bunch;  this  not  only  permits  a 
check  of  the  accuracy  of  our  calculations,  but  also  a  mea¬ 
surement  of  the  wakefield  periodicity.  Having  done  this, 
one  can  then  obtain  a  very  accurate  value  for  the  dimen¬ 
sions  of  the  wakefield  device  which  will  support  a  multi¬ 
bunch  train  that  will  build  up  wakefields. 
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2  APPARATUS 

Oversize  alumina  castings  were  obtained  from  LSP  In¬ 
dustrial  Ceramics  (Lambertville,  NJ).  Since  no  sample  60 
cm  in  length  had  the  straightness  of  bore  hole  that  was 
required,  it  was  decided  to  use  two  selected  shorter  alu¬ 
mina  sections  smoothly  butted  together.  These  samples 
were  placed  into  a  metal-walled  cylindrical  cavity  res¬ 
onator,  and  the  sequence  of  TMoin  mode  frequencies  was 
measured[4]:  this  yielded  a/t  =  9.57.  However,  this  mea¬ 
surement  had  only  so  much  accuracy  —  not  adequate  to  get 
the  wakefield  period  accurate  for  four  bunches  (i.e.  within 
1  mm)  —  and  so  it  was  decided  to  grind  the  outer  diam¬ 
eter  of  the  alumina  slightly  oversize,  and  then  determine 
the  correct  diameter  using  the  theory  from  the  experimen¬ 
tal  spectrum  of  Wakefields  excited  by  a  single  bunch. 

The  apparatus  (Figure  1)  is  installed  on  the  beamline  3 
of  the  ATF  rf  linac  facility,  which  is  operated  so  as  to  pro¬ 
duce  a  single  pulse  of  beam  electrons  from  the  irradiation 
of  a  rf  gun  photocathode  with  a  near-UV  laser  pulse  (the 
fourth  harmonic  of  the  Nd:YAG  laser).  Halo  electrons  are 
removed  at  the  input  by  scrape-off  into  a  tungsten  plug.  The 
alumina  OD  and  the  stainless  steel  jacket  ID  are  machined 
so  that  a  sliding  fit  is  obtained.  No  problems  with  pump- 


stalnless  steel  tube  alumina  tube  tungsten  block 

l-3/4'DD,l-5/8'ID  l-5/8'DD,3nnID  1-5/8'  CD,  1/4'  ID 

-  53  cm  long  2  cm  thick 

Figure  1 :  The  wakefield  device 

down  were  encountered.  Halfway  along  the  device,  a  radial 
wire  probe  is  inserted  into  a  hole  milled  along  the  interface 
between  the  two  adjacent  alumina  cylinders.  A  3.5  m  piece 
of  EZ  Flex  402  rf  coax  (comparable  to  MIL  —  C  —  17 
semi-rigid)  joins  the  probe  terminal  to  a  terminated  crystal 
detector  and  the  spectrum  analyzer  (Tektronix  492P);  the  rf 
waveform  envelope  is  monitored  using  a  1  GHz  bandwidth 
oscilloscope.  The  Cerenkov  radiation  trails  the  charge,  and 
is  directed  downstream;  however,  it  should  be  reflected  by 
the  end  walls  and  contained  within  the  structure.  A  typi¬ 
cal  pulse,  Fig.  2,  shows  the  radiation  set  up  by  the  electron 
bunch  lasts  ~  20  nsec,  several  bounce  times;  it  would  ap¬ 
pear  that  cavity  modes  are  not  excited,  since  radiation  in 
these  modes  should  persist  much  longer  (~  1  //sec,  related 
to  the  resonator  Q  for  microwaves). 

3  RESULTS 

We  present  two  cases  of  the  spectrum  scan  here.  In  Fig.  3 
which  covers  1.7-5. 5  GHz  band,  TMoi  and  TM02  modes 
were  detected  at  near  1.9  and  4.4  GHz  respectively.  In 
Fig.  4,  TM04  and  TM05  modes  were  detected  near  9.5  and 
12. 1  GHz.  The  spectrum  analyzer  sweep  was  calibrated  us- 


Time  (ns) 


Figure  2:  The  rectified  crystal  signal 

ing  a  frequency  source  and  a  wavemeter,  as  it  was  found  to 
vary  somewhat  from  band-to-band.  For  these  data,  a  single 
bunch  of  charge  (~  0.2  nC)  was  passed  through  the  appa¬ 
ratus  at  1 .5  Hz,  while  the  spectrum  analyzer  was  allowed 
to  accumulate  data  over  many  minutes.  The  spectrum  ana¬ 
lyzer  operates  by  stepping  a  fixed  bandwidth  of  frequency 
along  a  band,  thereby  catching  radiation  which  has  the  cor¬ 
rect  frequency  when  that  channel  is  open.  There  are  1000 
frequency  bins  in  a  band  and  it  takes  50  seconds  to  step 
through  the  band.  We  usually  accumulate  the  data  over 
30-45  minutes.  The  ordinate  is  in  the  logarithmic  scale 
to  allow  for  larger  dynamic  range. 


Figure  3:  Spectrum  between  1. 7-5.5  GHz,  TM01  and 
TM02  are  shown. 

Table  I  is  a  summary  of  the  six  frequencies  observed. 
The  lowest  frequency  predicted  and  observed  was  1.9  GHz; 
the  highest  frequency  detected  by  the  apparatus  was  about 
15  GHz,  on  the  highest  band  available  to  us  using  this 
spectrum  analyzer.  Frequencies  above  15  GHz  would  suf¬ 
fer  more  attenuation  from  the  coaxial  cable.  Because  of 
the  frequency-dependent  experimental  parameters  (e.  g, 
the  couplings  between  the  radial  wire  probe  and  various 
modes),  the  amplitude  of  the  various  modes  are  not  known, 
and  so  Ez(t)  cannot  be  obtained  from  the  data. 
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Figure  4:  Spectrum  between  8.5-13.5  GHz,  TM04  and 
TMos  are  shown. 
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Table  1 :  TMom  mode  frequency  table  (GHz) 


mode 

Freqex 

Freqth 

1 

1.920 

1.907 

2 

4.376 

4.420 

3 

6.956 

6.983 

4 

9.545 

9.574 

5 

12.12 

12.18 

6 

14.84 

14.80 

Column  3  of  Table  I  gives  the  theoretical  prediction  of 
the  mode  frequencies,  using  the  actual  inner  and  outer  radii 
of  the  alumina  cylinder  (with  k  =  9.65  providing  the  best 
fit).  To  analyze  this  data,  we  use  the  dispersion  relation[l] 
for  the  TM0m  modes: 

h(kia)  _  nki  JpjkzIfyNifaa)  -  Ji(k2a)N0(k2R) 
Io(kia)  Jo{k2R)No(k2a)  -  Jo{k2a)No(k2R ) 

(1) 

where  a  and  R  are  the  inner  and  outer  radii  of  the  cylin¬ 
der,  and  the  mode  frequencies  are  related  to  the  k\  and 
(the  transverse  wavenumbers  in  the  vacuum  and  dielectric 
regions  respectively)  by 

klm  =  Vm/cPl  =  k2mhth  (2) 

where  m  is  the  mode  index  number,  7  is  the  relativistic 
factor  (corresponding  to  40  MeV  here),  and 

7k  =  (k/32  -  1)~1/2-  (3) 

The  fit  of  the  dispersion  theory  for  the  TMom  series  and  the 
data  is  excellent.  Certain  spectra  also  reveal  the  appearance 
of  additional  modes  having  smaller  amplitude.  Several 
of  these  frequencies  correlate  well  with  predicted  modes 
of  the  HEMin  and  HEM2n  (“dipole”  and  “quadrupole”) 
class,  which  are  unstable  for  finite  beam  offset  from  the 
axis  (for  example,  in  Fig.  3,  the  small  peak  to  the  left  of 
TM02  is  related  to  HEM13).  Indeed,  further  experimen¬ 
tation  has  found  that  the  appearance  of  these  modes  is  fa¬ 
vored  by  deliberate  beam  misalignment. 
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Abstract 

Theory  is  developed  for  the  cyclotron  autoresonance 
acceleration  of  electrons  in  a  gently-focused  Gaussian  laser 
beam  and  a  gently  tapered  axial  magnetic  field.  Numerical 
simulation  shows,  for  example,  acceleration  from  50 
MeV  to  178  MeV  over  a  distance  of  148  cm,  using  a  10.6 
jj.m  CO2  laser  with  a  minimum  spot  size  of  0. 1  cm. 

1  INTRODUCTION 

Electron  acceleration  using  intense  lasers  has  engendered 
significant  attention  within  the  accelerator  research 
community.  This  interest  stems  from  the  enormous 
optical  electric  field  strengths  E0  that  can  be  obtained 
with  a  focused  laser,  i.e.  of  the  order  of 
E0  =  3x  10-9V7 TV/m,  where  the  intensity  I  is  in 
W/cm2  [1].  Since  compact  terawatt  focused  lasers  can 
have  />1018W/cm2,  field  strengths  of  the  order  of 
teravolts/m  are  possible.  Of  course,  since  this  field  is 
transversely  polarized,  it  can  not  give  much  net 
acceleration  to  a  charged  particle  directly,  so  a  number  of 
indirect  means  have  been  devised  to  achieve  net 
acceleration.  For  example,  in  the  laser  wake  field 
accelerator  [2]  an  intense  laser  pulse  is  used  to  locally 
polarize  a  plasma,  thus  creating  a  strong  longitudinally- 
polarized  plasma  wake  field  for  acceleration.  In  another 
example,  the  vacuum  beat-wave  accelerator  [3],  two  laser 
pulses  of  differing  frequencies  are  combined  to  create  a 
slow  optical  ponderomotive  beat  wave  that  can  exert  a 
strong  force  for  acceleration. 

Originally  a  microwave  interaction,  the  cyclotron 
autoresonance  acceleration  (CARA)  of  a  low  energy 
electron  beam  has  been  studied  and  demonstrated 
experimentally  to  operate  with  efficiencies  exceeding  95% 
for  transforming  microwave  energy  into  directed  beam 
energy  [4].  For  acceleration  of  a  high  energy  beam, 
however,  the  magnetic  field  required  in  the  microwave 
CARA  becomes  so  strong  that  it  is  not  practical. 

An  alternative  CARA  is  laser-driven  cyclotron 
autoresonance  accelerator  (LACARA)  [5],  The  refractive 
index  in  LACARA  is  so  close  to  unity  that  the  upper 
energy  limit  for  acceleration  [6]  is  removed,  and  for 
acceleration  of  a  high  energy  electron  beam  the  magnetic 
field  required  is  realizable.  Furthermore,  the  group 
velocity  in  LACARA  exceeds  the  axial  particle  velocity, 
so  operation  with  strong  pump  depletion  is  possible 
without  causing  energy  spread  for  the  beam.  The 
acceleration  gradient  in  LACARA  can  be  as  high  as 
£o(v±/vz)max,  with  vi  and  vz  the  particle  transverse 

*  The  work  was  supported  by  the  U.  S.  Department  of  Energy, 
Divisions  of  High  Energy  Physics  and  Advanced  Energy  Projects. 


and  axial  velocities  respectively. 

Recently,  by  simulation  we  have  studied  LACARA  for 
acceleration  of  electron  beams.  Here  we  present  the 
theory  and  preliminary  numerical  results. 


2  OUTLINE  OF  LACARA  THEORY 


The  preliminary  analysis  presented  here  is  for  a  traveling 
Gaussian  laser  beam  focused  by  two  spherical  mirrors. 
The  laser  fields  in  cylindrical  coordinates  ( r,6,z )  for  the 
lowest-order  mode  with  circular  polarization  are  [7] 
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where  c  is  the  vacuum  light  speed,  w  =  w0(l  +  z2/zR)U2 
is  the  spot  size,  vv0  is  the  waist  radius  (minimum  spot 
size),  and  zR  is  the  Rayleigh  distance.  The  waist  radius 
and  Rayleigh  distance  are  related  by  w0  =  (A,zR/n)V2, 
with  A  the  laser  wavelength.  The  laser  phase  is 
yr  =  cot -fe  +  tan-1  (z/zR)-kr2 /2R ,  with  ft)  the  laser 
angular  frequency,  k  =  co/c,  and  R  =  z  +  zR/z  the  radius 
of  curvature  of  the  ray  normals.  The  axial  and  radial 
effective  refractive  indices  (group  velocities  normalized  to 
c)  are  given  by 


,  1  w2  \(zl~z2)r 

n  =  n7  =1 - ^-  +  —  - - /- 

z  2  Rz  2  (Rz)2 


and  nr  =  — .  (5) 
K 


The  non-zero  nr  means  that  there  is  diffraction  loss  for 
the  Gaussian  beam.  The  condition  for  resonance  between 
wave  and  particles  is  £20  =  yft)(l-nz/L  -nr/5r),  where 
the  non-relativistic  gyroffequency  is  Q0  =  eB0 /m  with  e 
the  electron  charge  in  magnitude  and  m  the  rest  mass,  the 
relativistic  energy  factor  is  y  =  (l-/J2  -/J2)_1/2  with 
Pi  ~vilc  ancl  Pz  =vz/c,  and  fir  is  the  radial  velocity 
normalized  to  c.  Usually,  the  radial  dimension  of 
electron  motion  in  LACARA  is  much  less  than  the 
Rayleigh  distance.  Thus  the  resonance  condition  can  be 
written  as  Q0  ~  yco(l  -  n[3z ) ,  with  n  ~  1  —  wg  /( 2 Rz). 

The  laser  power  is  related  to  the  electric  field  amplitude 
by  PL=0.57tw%Eo/ri0,  with  ?]0  =  (/u0/e0)U2  the  wave 
impedance  of  a  plane  wave  in  free  space. 
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Eqs.  (l)-(4),  together  with  the  relativistic  equations  of 
motion  for  the  electrons 

4(h=--(e+vxb)  <6> 

at  m 

allow  solutions  to  be  found  for  single-particle  orbits.  In 
the  results  of  computations  to  be  shown  below,  iterative 
solutions  for  the  position,  velocity  and  energy  of  the 
particles  are  found  at  each  computational  stage  by 
specifying  the  change  in  guide  magnetic  field  value 
necessary  to  maintain  resonance. 

3  SIMULATION  RESULTS 

The  simulation  results  presented  below  are  for  three 
LACARA  examples.  The  laser  power  is  from  a  CO2 
laser  at  a  wavelength  of  10.6  /J.m .  Example  1  is  for  a  50 
MeV  cold  electron  beam  driven  by  a  laser  power  of  4  TW. 
The  interaction  length  or  mirror  separation  is  148  cm  (5 
Rayleigh  distances).  The  simulation  parameters  are  given 
in  Table  I  and  the  results  are  shown  in  Figs.  1-4.  In 
Example  2,  the  interaction  length  and  the  mirror  radius  are 
both  59.28  cm  (2  Rayleigh  distances),  and  all  the  other 
parameters  are  the  same  as  those  in  Example  1.  The 
result  is  shown  in  Fig.  5.  Example  3  is  for  a  0.5  GeV 
cold  beam  driven  by  a  laser  power  of  4  PW.  Simulation 
parameters  are  given  in  Table  II  and  the  result  is  shown  in 
Fig.  6.  In  all  simulations,  8  computational  particles 
initially  uniformly  distributed  over  one  laser  period  are 
taken,  and  all  electrons  experience  the  same  acceleration 
history.  Beam  loading  is  neglected. 


Table  I:  Parameters  in  simulation  for  Example  1 


Input  cold  beam  energy 

50  MeV 

Laser  power  PL 

4.0  TW 

Waist  radius  w0 

0.1  cm 

Field  amplitude  E0 

31.0  GV/m 

Rayleigh  distance  zR 

29.64  cm 

Mirror  radius 

85.95  cm 

Mirror  separation 

148  cm 

Table  II:  Parameters  in  simulation  for  Example  3 

Input  cold  beam  energy 

0.5  GeV 

Laser  power  PL 

4.0  PW 

Waist  radius  w0 

0.3  cm 

Field  amplitude  E0 

326.5  GV/m 

Rayleigh  distance  zR 

267  cm 

Mirror  radius 

889  cm 

Mirror  separation 

1600  cm 

Fig.  1  shows  average  axial  and  transverse  normalized 
velocities  versus  axial  distance.  The  maximum  <P±> 
is  0.0063;  the  initial  <  f)z  >  is  0.999949  (minimum)  and 
the  final  <PZ>  is  0.999984  (maximum),  only  0.0035% 

change.  From  this,  it  is 

seen  that  the  velocity  ratio 

Px/Pz  's  quite  small  for 

a  high  energy  beam  in  the 

LACARA,  compared  with 

a  low  energy  beam  in  the 

microwave  CARA  [8].  This  insures  that  all  the  electrons 

have  very  small  transverse  displacements,  as  shown  in 
Fig.  2.  The  laser  waist  radius  is  0.1  cm;  so  all  the  orbits 
of  the  8  particles  are  within  the  minimum  spot  size. 

Fig.  3  shows  normalized  axial  group  velocity  and 
average  axial  electron  velocity,  plotted  as  \-n  and 
1-  <  Pz  > ,  versus  axial  distance.  It  can  be  seen  that  the 
group  velocity  everywhere  exceeds  the  axial  particle 
velocity,  allowing  for  rapid  replenishment  of  laser  energy 
that  is  given  to  the  beam.  This  fact  bodes  well  for 
achievement  of  an  accelerated  beam  with  low  energy 
spread,  even  with  significant  beam  loading.  This  allows 
efficient  use  of  laser  power  without  loss  of  beam  quality. 

Fig.  4  shows  the  dependence  of  average  relativistic 
energy  factor  and  axial  magnetic  field  on  axial  distance.  It 
is  seen  that  the  beam  energy  rises  monotonically  from  50 
MeV  to  178  MeV  in  a  distance  of  148  cm,  corresponding 
to  an  average  acceleration  gradient  of  86.6  MeV/m.  The 
resonance  magnetic  field  required  rises  from  52  kG  to 
about  80  kG  near  the  laser  focus,  and  then  falls  back  to 
about  60  kG.  It  is  the  fall  in  magnetic  field  that  allows 
continuous  acceleration  without  stalling;  the  fall  in  field 
can  be  traced  to  the  fall  in  ( 1  -  n)  after  the  focus.  This 
demonstrates  that  LACARA  is  not  limited  to  be  a 
y -doubler,  as  in  the  microwave  CARA. 
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Figure  1:  Average  axial  and  transverse  normalized 
velocities  for  Example  1  with  a  5 zR  interaction  length. 
Initial  beam  energy  is  50  MeV,  zR  =  29.64  cm,  w0  = 
0.10  cm,  and  PL  =  4.0  TW. 
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Figure  2:  Projection  in  x-y  plane  of  orbits  of  8 
computational  particles  for  Example  1.  It  is  seen  that  the 
maximum  transverse  excursion  is  not  greater  than  w0  /2 . 
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Figure  3:  Variation  in  normalized  axial  group  velocity  Figure  5:  Variation  in  average  relativistic  energy  factor 

plotted  as  1  -  n  (left  scale),  and  normalized  average  axial  <  y  >  and  axial  magnetic  field  B0  along  LACARA  for 

velocity  plotted  as  1-  <  >  (right  scale),  for  parameters  Example  2.  Parameters  are  the  same  as  Example  1 , 

of  Example  1.  It  is  seen  that  n  exceeds  <PZ>  except  for  a  LACARA  of  length  2zR  with  a  mirror  radius 

throughout  the  interaction.  of  curvature  59.28  cm. 


2  <cm)  z  (cm) 


Figure  4:  Variation  in  average  relativistic  energy  factor 
<  Y  >  and  axial  magnetic  field  B0  along  LACARA,  for 
parameters  of  Example  1. 

Fig.  5  shows  the  dependence  of  average  relativistic 
energy  factor  and  axial  magnetic  field  on  axial  distance  for 
Example  2.  It  is  seen  that  the  energy  rises  monotonically 
from  50  MeV  to  110  MeV  in  a  distance  of  59.28  cm 
(2 zR),  corresponding  to  an  average  acceleration  gradient 
of  100  MeV/m.  The  resonance  magnetic  field  required 
rises  from  54  kG  to  about  67  kG  near  the  laser  focus,  and 
then  falls  back  to  about  65  kG.  This  example  shows  that 
a  shorter  interaction  region  has  a  larger  average 
acceleration  gradient,  since  the  laser  field  is  weaker  in  the 
region  far  away  from  the  focus. 

Fig.  6  shows  the  dependence  of  average  relativistic 
energy  factor  and  axial  magnetic  field  on  axial  distance  for 
Example  3.  It  is  seen  that  the  energy  rises  from  0.5  GeV 
to  1.53  GeV  in  a  distance  of  16  m  (6 zfi),  corresponding 
to  an  average  acceleration  gradient  of  64.4  MeV/m.  The 
orbit  in  this  case  was  seen  in  the  computations  to  execute 
only  about  one  full  gyration  over  its  16-m  length,  with  a 
maximum  displacement  from  the  axis  of  less  than  3.0 
mm.  The  magnetic  field  is  seen  to  vary  from  6  kG,  up  to 
24  kG,  then  down  to  13  kG.  This  example  shows  that  a 
lower  magnetic  field  is  required  for  a  higher  energy  beam, 
as  expected,  in  rough  proportion  to  1/y. 


Figure  6:  Variation  in  average  relativistic  energy  factor 
<y>  and  axial  magnetic  field  B0  along  LACARA  for 
Example  3.  The  beam  is  accelerated  from  0.50  GeV  to 
1 .53  GeV  within  a  6 zK  interaction  length. 

4  CONCLUSIONS 

It  is  shown  by  simulation  that  in  a  LACARA  driven  by  a 
power  of  4  TW  at  10.6  //m ,  a  50  MeV  electron  beam  is 
accelerated  to  178  MeV  in  a  distance  of  148  cm, 
corresponding  to  an  average  acceleration  gradient  of  87 
MeV/m.  The  magnetic  field  varies  from  52  kG  to  80  kG. 
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Abstract 

Requirements  considered  for  2  X  1  km  long  linac,  driven 
by  a  laser  radiation  distributed  within  open  accelerating 
structure  with  special  sweeping  devices.  These  devices 
deflect  the  laser  radiation  to  the  open  accelerating 
structure  in  accordance  with  instant  position  of 
accelerated  particles  The  power  reduction  and  shortening 
the  time  of  illumination  of  every  point  of  the  structure  is 
equal  to  the  number  of  resolved  spots,  associated  with  the 
sweeping  device.  A  300  J,  100-ps  laser  flash  could 
provide  the  energy  30  TeV  fori,  s  \{X m  and  3  TeV 
for  A  =  10//  m  on  1  km  with  the  method  described.  For 
repetition  rate  160  Hz  the  luminosity  associated  with 
colliding  beams  could  reach  1033  cm'V1  per  bunch.  Wall 
plug  power  required  for  operation  of  LLC  is  ~  2  MW. 

1  INTRODUCTION 

The  concept  of  a  Linac,  driven  by  a  Traveling  Laser 
Focus  (TLF)  method  was  originated  in  [1-3].  TLF  deals 
with  accelerating  structure,  what  scaled  down  to  a  laser 
wavelength.  The  beam  is  going  inside  the  structure  similar 
to  the  existing  practice.  Tiny  dimensions  of  the  beam 
required  could  be  achieved  by  proper  preparation  of  the 
beam  [4].  For  excitation  of  accelerating  cells,  each  of 
them  has  an  opening  from  one  side,  what  gives  a 
possibility  for  parallel  excitation.  Laser  radiation  focused 
onto  these  openings.  So  the  cells  excited  locally.  Focusing 
in  transverse  direction  is  more  radical,  as  the  focusing  lens 
could  be  positioned  very  close  to  the  accelerating 
structure.  Special  sweeping  (deflecting)  device  moves  this 
focal  spot  in  longitudinal  direction  in  accordance  with 
instant  position  of  the  particle.  Due  to  this  arrangement, 
all  impulse  laser  power  is  acting  for  generation  of 
accelerating  field  at  the  instant  particle’s  location  only. 
These  arrangements  reduce  the  power  required  from  the 
source  (laser)  and  reduce  illuminating  time.  It  was  shown 
[2],  that  the  power  reduction  and  shortening  of 
illuminating  time  of  any  point  on  the  surface  equal 
numerically  to  the  number  of  resolved  spots  (pixels), 
associated  with  the  sweeping  device.  One  can  see  that  the 
cells  are  working  with  zero  phase  shift  per  cell  what  yields 
the  distance  between  the  cells  equal  to  the  laser 
wavelength.  The  number  of  the  particles  required  is  about 
one  million  only,  so  the  problems  with  wakes  here  are 
not  more  complicated,  than  in  usual  cm-wavelength 
structure. 


2  TLF  METHOD 

Fig.  1  reminds  the  idea  [1-3].  The  laser  bunch  with 
longitudinal  dimension  much  bigger,  than  transverse  ones 
passing  trough  the  sweeping  device.  This  fast  sweeping 
device  is  driven  by  electrical  pulse  synchronously  with  the 
particle’s  passage.  It  directs  the  beginning  of  the  laser 
bunch  to  the  entrance  of  accelerating  structure  and  the 
end-to  the  exit  of  the  structure.  So  closer  to  the  structure 
laser  bunch  has  an  instant  slope  of  45  degrees  to  the 
direction  of  sweeping  device.  The  local  wave  fronts  still 
rectangular  to  the  sweeping  device,  however.  All 
deflecting  elements  are  synchronized  so  that  the  electron 
bunch  has  continuous  acceleration  in  all  sections.  One 
can  see  from  Fig.  1,  that  the  energy  concentrated  in  the 
laser's  bunch  volume  delivered  here  by  the  source  by  the 
time  defined  by  the  length  of  the  laser  bunch  what  is  equal 
to  the  length  of  accelerating  structure  in  Fig.l. 


Figure  1:  The  principle.  Lines  across  the  laser  bunch 
indicate  the  direction  of  wave  fronts. 


Optimal  laser  focus  sweep  is  about  3cm  for  a  practical  reasons, 
so  the  accelerating  device  looks  like  a  sequence  of  3  cm-  long 
accelerating  structures.  A  short  focusing  cylindrical  lens 
installed  close  to  accelerating  structure  reduces  the  transverse 
size  of  the  spot  to  a  minimal  one.  Each  part  of  the  grating 
structure  is  illuminated  by  duration,  which  is  defined  by  time 
T  =  LI  N Rc  =  1002  ,  where NR -is  the  number  of  resolved 
spots,  (see  lower),  L-is  the  length  of  the  structure.  For  2  =  1//  m, 
then  r=3T(T13sec.  This  time  is  less  than  the  time  between 
electron-electron  collisions,  what  is  xcoll  =10_12sec,  still 
however  longer,  than  the  time,  corresponding  to  reaction  of 
electron  plasma  in  a  metal,  what  is  xp  ~  3  •  10~16  s.  TLF 

method  does  not  exclude  the  problems,  associated  with  a 
breakdown  limit  of  the  structure,  but  it  allows  drastically  reduce 
the  laser  impulse  power,  required  for  excitation  the  structure  to 
this  level.  The  latest  measurements  show  a  damage  threshold 
increase  while  the  illumination  time  is  shortening.  This  breaks 
the  TU2  low.  This  was  explained  by  saturation  of  impact 
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ionization  rate  per  unit  distance  [5].  Measured  threshold  for  0.' 
ps  pulse  was  about  10  J/cm2.  For  1  ps  the  threshold  measurec 
was  6  J/cm2.  In  our  case  we  have  lOmJ  laser  pulse  distributee 
over  area  3X10'3  cm2  what  gives  3  J/cm2  and  accelerating 
gradient  3  GeV/m.  We  believe  that  these  figures  could  to 
improved  after  careful  preparation  the  surface  and  optimizinj 
the  working  temperature.  Main  components  of  the  scheirn 
considered  below. 

3  DEFLECTINGDEVICE 

The  ratio  of  deflection  angle  t?  to  diffraction  angle 
=  X/a ,  where  a  is  an  aperture  of  the  deflecting 
device,  defines  the  number  of  resolved  spots  (pixels), 
Nr  =  t?/t?rf  •  The  number  of  resolved  spots  N  R  is  an 

invariant  under  any  optical  transformations.  As  we 
mentioned  above,  NR  value  gives  the  number  for  the 

lowering  the  laser  power  for  gradient  desired  and,  also, 
the  number  for  the  duty  time  reduction. 

Electro-optical  devices  use  controllable  dependence  of 
refractive  index  on  electrical  field  strength  and  direction 
applied  to  some  crystals  (see  Ref.  To  [2-3]).  Short  laser 
bunch  could  be  swept  with  a  travelling  wave  sweeping 
device  [3],  Fig.  2  below. 


Figure  2:  Deflecting  device  principle.  Prisms  1  with 
oppositely  directed  optical  axes  installed  in  series 
between  two  parallel  strip-line  electrodes  2,  d- is  the 
distance  between  them.  Z-  is  a  matching  impedance. 
Lines  across  the  laser  bunch  schematically  show  the  wave 
fronts.  EJt-y  /  c)  -is  a  driving  electrical  field. 

For  the  length  of  deflecting  device  L=50cm,  one  can 
expect  At?  =  10-2  rad.  NR  =  10  for  A  =  10//  m  and 
NR  =  100  for  X  =  ljum.  Mechanical  deflection  system 
and  Acousto-optical  deflector  could  be  also  used  here  [3]. 
Basically  they  give  the  same  deflecting  parameters. 

4  ACCELERATING  STRUCTURE 

We  took  the  foxhole-type  structure  described  in  [6]  as  a 
basis,  Fig.  3.  This  structure  has  an  advantage  in  pumping 
possibilities.  The  structure  gives  a  good  positioning  for 
electrical  field  map  [2,3], 


Figure  3:  Accelerating  structure  and  cylindrical  lens. 
Structure  on  the  left  is  scaled.  Covers  on  accelerating 
structure  are  not  shown. 


Covers  adjust  the  coupling  between  the  groove  and  outer 
space.  With  these  covers  the  height  of  a  structure  is  about 
half  of  a  laser  wavelength  and  the  cells  have  inductive 
coupling  with  outer  space.  The  QRF  factor  of  the  order  5- 
10  could  be  expected  here.  Technological  possibilities  in 
lithography  allow  a  structure  fabrication  for  a  laser  with  a 
wavelength  X  =  \jX  m.  Each  structure  installed  on  a  micro¬ 
table  moved  by  a  piezoelectric.  Calculations  for  this  type 
of  structure  done  with  GdfidL  code  [7].  There  were 
investigated  different  shapes  of  cell  and  transit  slit 
between  the  cells.  Calculation  shows  that  wakes  are 
acceptable  here.  Despite  dimensions  are  small,  the  bunch 
population  about  106  only  drastically  rejects  the  wake 
problems. 

5  DESCRIPTION  OF  LLC 

Parameters  of  this  LLC  are  represented  in  Table  1.  The 
beams  of  electrons  and  positrons  can  be  polarized  what 
gives  the  effective  gain  in  luminosity  and  reduces  the 
background.  Details  one  can  find  in  [2,3], 


Figure  4:  Linear  Laser  Collider  (LLC)  complex.  1— is  a 
laser  master  oscillator  platform,  2  -is  an  optical  splitter, 
3,4-are  the  mirrors,  5— is  a  semi-transparent  mirror,  6 — is 
a  light  absorber.  7-are  the  Final  Focus  Systems.  8-are  the 
damping  systems  for  preparing  particle’s  beams  with 
small  emittances,  9 — are  the  bends  for  particle’s  beam. 
10-are  the  accelerating  X-band  structures,  1 1— is  electron 
gun  (polarized),  12-  is  a  positron  converter. 
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TABLE  1.  Parameters  of  Laser  Linear  Collider. 


Parameter 

X  =  10 fim 

S 

III 

Energy  of  e±  beam 

3  X  3  TeV 

30  X  30  TeV 

Length  of  section 

3cm 

3cm 

Total  length 

2  X  1  km 

2  X  1  km 

Main  linac  gradient 

3  GeV/m 

30  GeV/m 

Luminosity/bunch 

SsMO^cm'V1 

<1-1033  cm'V 

Bunches/pulse 

3  (<100)* 

10  (<  300)* 

Laser  flash  J/Linac 

300 

300 

Repetition  rate 

160  Hz 

160  Hz 

Beam  power/Linac 

2.3  kW 

760W 

Bunch  population 

3  107 

106 

Bunch  length 

l/l  m 

© 

is 

3 

yex  /  y  ey  cm  rad 

10"8/4-10"i° 

5T0"9 /110"10 

Damping  ring  energy 

0.7  GeV 

0.7  GeV 

Wall  plug  power** 

2X0.5  MW 

2X0.5  MW 

♦-Maximal  possible  number. 
♦♦-Laser  efficiency =  10% 


Figure  5:  Table  with  a  regular  section  of  accelerator.  1,3— 
is  a  laser  beam.  4,5-the  beam  of  particles.  7  and  8-are  the 
focusing  elements  for  the  particle’s  and  laser  beam 
correspondingly.  9  -is  an  optical  platform.  Legs  10  have 
active  damping  system  to  minimize  vibrations.  1 1-are  the 
sweeping  devices  12-are  the  lenses  for  focusing  the  laser 
radiation  in  longitudinal  direction.  13-are  short  focusing 
cylindrical  lenses.  14-are  accelerating  structures 

After  the  bend  in  systems  2,6  on  the  back  way  to  IP 
necessary  voltages  applied  to  correcting  elements, 
distributed  along  the  linac. 

A  kayak-paddle  cooler  pos.  8,  Fig.4  serves  as  injector  [4j. 
This  is  basically  a  racetrack,  which  has  a  sequence  of 
wigglers  and  RF  cavities  in  a  straight  section.  This 
injector  yields  the  equilibrium  emittances 

( ye x)  =  1  •  10"8  cm ■  rad  ,  (yg}.)  =  4- 10'10  cm- rad  ■ 

Scrapping  extra  particles  remains  a  valid  procedure 
for  the  emittance  lowering.  Intra-Beam  Scattering  is 
reduced  for  diluted  beam.  The  focusing  system  includes 
the  quadrupole  lenses  of  appropriate  dimensions  and  a 
RF  focusing.  Accelerating  gradient  defined  by  the  laser 
flash  energy  Q.  A  laser  flash  with 


Q  =  lOmJ, T  =  0.1  ns  atX  =  l/x  m  is  able  to  feed  the 

accelerating  structure  with  the  length  about  CT  ~  3  cm 
with  >  30  GeV/m.  Nd-Glass  laser  can  be  used  here  C02 
laser  based  system  gives  lower  final  energy.  The  power 
required  P  =  Q  /  t  =  108  W  is  within  routinely  obtained. 
The  laser  amplifier  could  be  sectioned  with  few  structures 
or  even  each  3  cm  section  could  has  it's  own  amplifier. 
For  pumping  the  driving  lasers  the  diode  laser  arrays 
could  be  used  for  the  wavelengths  indicated. 

Bunch  population  defined  by  a  loading  of  structure  and 
by  wakes.  With  5%  loading  N  =  1  •  106  for  X  =  l/lm. 
For  X  =  l0flm  this  will  be  A  =  3- 107 .  Final  focus 
made  with  a  multiplet  of  FODO  structures  having  the 
number  of  the  RF  lenses  in  it  of  the  order  of  few 
hundreds.  Luminosity  could  reach  L  ~  1  •  1033cm-2s'1  for 
X  s  10//  m,  y  =  2  •  106  (pc=lTeV),  A  =  2 •  107 ,  /  &  160 
Hz.  For  X  =  ljim  result  will  be  about  the  same. 

6  CONCLUSION 

Reduction  of  illuminating  time  and  total  laser  power  (or 
the  flash  energy)  both  defined  by  the  number  of  resolved 
spots  (pixels)  associated  with  a  deflecting  device.  Number 
of  resolved  spots  =20-100  achievable.  Lasers  for  the 
TLF  method  need  to  have  more  power  in  intermediate 
time  duration  T  =  100/w  rather  than  in  a  shorter  time 
interval.  Equivalent  time  of  illumination  of  accelerating 
structure  with  this  pulse  is  0.1  +  \ps  ,  however.  For  a 
0.5  X  0.5  TeV  Collider  the  length  becomes  2  X  170  m  for 
X  =  10//  m  and  2 X  17  m  for  X=\/l  m,  respectively. 
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SPACE  CHARGE  EFFECTS  IN  DILUTED  BEAM* 
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Abstract 

For  the  particle  acceleration  with  a  laser-based  source, 
the  beams  with  particle’s  population  required  around  one 
million  only.  The  length  of  the  bunch  of  the  order  of  a 
micrometer  yields  such  spacing  between  the  particles, 
that  the  pancakes  of  the  electromagnetic  fields  of 
individual  particles  are  not  overlapped  at  the  cross 
section  of  the  bunch.  The  space  charge  effects  in  this 
diluted  beam  considered.  A  comparison  made  with  usual 
formula  for  betatron  tune  shift  in  self-field. 

1  INTRODUCTION 

The  beams  with  minimal  emittances  required  for 
successful  operation  of  a  laser  driven  accelerator.  This  is 
due  to  tiny  dimensions  of  accelerating  structure.  The 
length  of  the  bunch  must  be  a  fraction  of  the  laser 
wavelength  also.  So  one  may  expect  that  the  space  charge 
effects  can  be  strong  here.  From  the  other  hand,  the 
number  of  the  particles  required  in  laser  acceleration  is 
about  106-107  only.  This  defined  by  a  loading  the 
acceleration  structure.  So  one  may  hope  that  space  charge 
effects  are  not  strong  enough  to  destroy  the  beam 
emittance. 


2  DILUTED  BEAM 


Average  distance  between  particles  in  a  moving  bunch 
can  be  defined  as  lbl  N ,  where  lb- is  the  bunch  length 

in  Laboratory  frame,  N- is  the  number  of  the  particles  in 
the  bunch. 


Figure  1:  Schematic  view  of  the  field  in  diluted  bunch. 


We  called  beam  diluted,  if  the  particles  separated  in 
longitudinal  direction  so,  that  the  pancakes  of  its 
individual  fields  having  an  opening  angle  1  /  y ,  are  not 
overlapped  at  the  cross  section  Je  fj  of  the  bunch, 


l.  ^Je/3 

(1) 

N  y 

Fig.  1  illustrates  the  condition  (1).  One  can  see  that  this 
condition  is  Lorenz-invariant,  as  the  (1)  could  be 

rewritten  as  ylb  /  N  >  ,  where  ylb  -is  now  a 


bunch  length  in  its  rest  frame,  and  transverse  size 
is  an  invariant  under  Lorentz  transformations. 

The  last  means  that  the  closest  particle  in  rest  frame 
located  at  the  distance  of  the  order  of  the  transverse 
bunch  size. 

In  [1]  there  was  presented  a  scheme  of  a  cooler,  what  is 
mainly  a  sequence  of  wigglers  and  accelerating 
structures.  The  straight  sections  squeezed  together  for  a 
compact  size,  so  the  back  and  forward  trajectories  are 
congruent.  The  longer  the  straight  section  is-the  smaller 
influence  of  bends  could  be  made.  The  bends  itself 
could  be  made  to  give  a  small  input  into  cooling 
dynamics.  Here  the  particle  needs  to  re-radiate  its  full 
energy  a  few  times  if  the  wigglers  are  dipole  type.  Let 
the  wigglers  have  period  2 kX  and  the  wiggler  factor 
Kx  =eH xX  / me2 ,  H±- is  a  magnetic  field  value  in 


the  wiggler.  Then  the  cooler  promises  equilibrium 
emittances  as  low  as 


(yBx)B(y2)-Xc/3x(l  +  K2x/2)Kx/X 


(y£y )  =  (X)  •  ^  cPyKx  /  x , 

where  j3x  -  are  averaged  envelope  functions  in  the 
wiggler,  Xc  =  r0la-  is  the  Compton's  wavelength, 
r0=e2  / me 2 ,  OC  =  e2  /Tic .  The  cooling  time  is 

fcool  =  (X)  •  0^ /cr0KlY)  >  7  =  El  me1 ,  what  is  not  a 
function  of  the  wiggler  period.  Substituting  here  for 
estimation  y  =  2  •  1 03  ( 1  GeV),  flxx  ~  1  m,  X  S  5cm, 

K  =  5,  one  can  obtain  for  quantum  emittances  and  for 
damping  time  the  following  estimations 
(yEx)  =  2.5  •  1CT8  cm  rad, 

(yEy  )  =  2  •  10  °  cm  rad, 

Tcooi  =  8.6  •  1 0  3  s' ,  or  8.6  ms. 


This  cooling  time  obviously  does  not  depend  on  the 
length  of  the  straight  section,  as  the  influence  of  the 
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bends  was  neglected:  shorter  the  length,  faster  the 
revolution.  With  such  small  emittances  the  beam  size  is 

about  sjs  =  1.6-  1CT6  cm,  y  =  104  and  this  may  give 

a  reason  for  estimation  of  the  transverse  effects  as  a 
betatron  tune  shift  and  longitudinal  effects.  The  length  of 
the  bunch  required  for  laser  acceleration  is  a  fraction  of 
the  laser  wavelength.  Even  suggesting  the  bunch 
compression  one  can  have  the  bunch  length  in  a  cooler 
about  100pm. 

For  N  =  107,  the  bunch  will  be  diluted  if  it  has  the 
length  lb  >  Ny/eft  /  y ,  what  in  our  case  is 

4  >  107  •  1.6  •  10^  •  10"4  =  1 .6  •  10"3  cm  =  16/^t . 

One  can  expect  that  any  space  charge  phenomena  can 
look  in  diluted  beam  different  from  a  dense  beam.  First  of 
all  the  space  charge  effects  what  tolerate  to  the  transverse 
beam  dynamics.  The  last  one  includes  the  betatron  tune 
shift  and  Intra-Beam  Scattering. 

One  can  see  also  that  for  diluted  beam  the  effects  of 
radiation  at  IP  of  collider  may  look  different  also.  In  this 
publication  we  consider  the  transverse  space  charge 
effects. 


3  SPACE  CHARGE  PHENOMENA 


The  field  of  the  moving  charge  could  be  expressed  as  the 
following  [2] 

- 1 - 


o2  2  .  H  =  0xE,  (2) 

Rf  y2{\-  p2Sin2&?12 
where  Rt  -is  the  distance  between  the  observation  point 
and  the  present  instant  position  of  the  charge  (moment  t), 
&  -is  an  azimuthal  angle  to  the  observation  point,  /5  -is 
a  speed  of  the  charge  normalized  to  the  speed  of  light. 
From  (2)  one  can  obtain  that 


e 


*1  2  ’ 


Ei,  =3. 


(3) 


r2*,2’ 

where  first  expression  corresponds  to  t?  =  7t  12  and  the 
second  one  to  t?  =  0,  e±,  e«  -are  unit  vectors  in 


rectangular  to  the  trajectory  and  parallel  directions 
respectively. 

Let  us  calculate  the  flux  of  rectangular  component  E±  of 
electrical  field  over  a  strip  having  the  width  2 R,  /  y  (see 
Fig.2).  As  the  area  of  the  strip  is  2nRt  ■  (2 Rt  /  y) ,  from 
(3)  one  can  obtain  estimation  as 

Flux  -  i  ELdS  =  Ej_  •  2 tvR,  — =  4 ne-  (4) 

J  V 


This  is  exactly  as  it  must  be  from  the  equation 
divE  =  4 7tp  ,  where  p  -is  a  macroscopic  charge 
density.  So  for  external  observer  in  the  laboratory  frame 


at  the  distances  r  >  lby!  N  can  use  a  macroscopic 
definition  of  electric  field  as  E±  2 7Cr  ■  lb  =  4 JteN .  The 

field  at  smaller  transverse  deflections  represents  much 
more  complicated  picture. 

uy 


Figure  2.  The  strip  ring  around  the  relativistic  charge. 


Using  (2),  (3)  one  can  see  that  the  net  force  between 
two  charges  which  longitudinal  position  is  the  same  (so 
the  fields  are  overlapping),  could  be  expressed  as 


(5) 


what  is  obvious,  as  the  magnetic  field  is  growing 
proportionally  to  the  electrical  field  value,  so  the  ratio 

has  the  same  factor  l/y2 . 

One  can  see  that  the  interaction  between  the  particles 
is  going  more  likely  as  impact,  not  as  a  smooth 
interaction. 

To  satisfy  the  condition  that  the  energy  of  Coulomb 
interaction  between  the  electrons  is  small  compared 

with  Fermi  energy  it  needs  to  be  p  >  (e2m/ti2J  [3]. 

Now  we  consider  the  namely  space  charge  effect,  i.e. 
self-focusing.  Let  us,  first,  consider  the  non-coherent 
tune  shift.  This  tune  shift  exists  even  when  the  beam  is 
going  exactly  in  the  axis  of  the  round  chamber. 

So  let  we  calculate  the  tune  shift  with  (2)  and 
suggesting  the  beam  diluted  and  compare  this  with 
calculations  for  the  overlapping  field  lines. 

First  let  us  make  a  formal  estimation  with  the  formula 
which  does  not  take  into  account  the  specific  properties 
of  diluted  beam.  Estimating  the  electrical  field  with  (4) 

when  the  charge  density  p  =  eN /(a±lb)  where 


al  ~  (?£)  •  P  /  y  -is  the  transverse  beam  size  one  can 
obtain 


E±2nRlb=  pnR2lb.  (6) 

So  the  transverse  force  arising  from  space  charge  will 
be  according  to  (5) 


El  = 


e2N 

24  (7£)Pj 


xR ■ 


(7) 
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Equation  of  motion  of  tested  particle  will  be 

..  _2  2  F,  e2  N 

x+Q  cDqX  =  — = - — — y-x .  (8) 

my  m  2lb{yE)(3j 

So  the  corresponding  tune  shift  will  be 

A(2®„),w  =  —  '  <9) 

Now  let  us  make  estimations  directly  with  (2).  For  small 
oscillation  around  equilibrium  one  needs  to  suggest 
$  «  1  and  for  electrical  field  one  can  take 

E  =  —3 ^ — T~m — *  — T~T '  — '  (10) 

Rf  y2( l-fi2#2)3'2  R2y2  r 

For  distance  between  neighboring  particles  one  can 
suggest  estimation  in  denominator  as  the  following 

R  =  [(lb/N)2  +  x2]U2~lb/N. 

Now  as  the  beam  supposed  diluted  the  only  neighboring 
particle  suggested  to  give  an  input  as  the  field  has  a  cubic 
dependence  on  distance.  So  for  the  force  one  can  obtain 
an  estimation 

dJNfy' 

For  the  tune  shift  one  can  obtain 


A(<2<y0)  diluted  — 


m  (lb/N)Y  ' 


For  comparison  (9)  and  (11)  one  can  make  some 
transformations 

MQoYhuted  r  40g)A  5  N* 

MQoj0) 

usual  mh/N)Y  ib2f  r 


which  now  is  y  times  higher:  (6=y2jt-c!  Xp,  where 
XF  -is  a  longitudinal  period  of  the  focusing  system. 

So  one  can  use  usual  formulas  for  betatron  tune  shift. 
Taking  into  account  the  ratio  between  electrical  and 
magnetic  field  (2)  one  can  obtain  the  change  in  local 
focusing  parameter 


k{z)  = - r— 

pc  dr 


2r0N  _ 


PMm)iy 


This  is  a  defocusing  effect.  The  corresponding  non¬ 
coherent  tune  shift  is 


1  c 

A  Qnc  =  -—\px(s)k(s)ds  =  - 


1  r0NC 


~NC~  2 nlbeyf 

where  C  -is  the  circumference  of  the  cooler,  or  the 
length  of  the  transport  line.  For  the  cooler  C  =  27flQ(5  . 
So,  the  resulting  formula  for  relative  betatron  tune  shift 
will  be 

A Qnc  r0N?  (12) 

Q  ib(£y)r2 

Substitute  here  for  estimation  (3X  y  ~  100  cm, 

7  =  1 04 ,  lb  =  100//  m,  one  can  obtain 

2.8  10-13107100  AA11 

A  QnciQ  = - s - i — - = —0.01 1  . 

NC  10“22.5  10-8108 

For  vertical  relative  tune  shift  one  obtains 

AQnc/Q  =  -0.038. 

So  one  can  see,  that  even  for  such  a  tiny  emittances 
(and  dimensions)  the  space  charge  effects  does  not  look 
as  a  drastic  ones. 
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electrical  focusing  field  is  horizontal  now.  Magnetic  field 
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Y.  Liu*,  P.  He,  D.  Cline,  University  of  California,  Los  Angeles,  CA  90095-1547 


Abstract 

We  propose  to  test  for  the  possibility  of  accelerating  an 
electron  beam  (utilizing  the  existing  high-power  CO2  laser 
and  low  emittance  electron  beam  at  Brookhaven  Accelera¬ 
tor  Test  Facility)  in  vacuum  to  the  current  CO2  laser  power 
limit.  The  latest  vacuum  laser  acceleration  results  can  be 
verified  [1]  by  the  schemes  discussed  here. 

1  INTRODUCTION 

Laser  acceleration  in  vacuum  has  been  studied  theoretically 
for  many  years  and  several  schemes  utilizing  focused  Gaus¬ 
sian  laser  beam(s)  have  been  proposed  [2]— [9] .  In  most  of 
the  schemes,  researchers  attempt  to  confine  the  interaction 
to  a  finite  length,  but  none  of  them  has  been  successful  un¬ 
til  recently.  In  1997,  a  group  of  physicists  [1]  demonstrated 
direct  acceleration  of  free  electrons  in  vacuum  to  MeV  en¬ 
ergies  by  a  linearly  polarized  and  intense  subpicosecond 
laser  pulse,  appearing  directly  violate  a  long-held  theorem 
[10]. 

A  focused,  radially  polarized,  Gaussian  laser  beam  can 
produce  a  stronger  longitudinal  electric  field  than  the  lin¬ 
early  polarized  one  [11] — [14].  The  Brookhaven  Accelera¬ 
tor  Test  Facility  (ATF)  provides  a  radially  polarized,  high- 
power,  Gaussian  CO2  laser  beam  (3-TW,  1-ps  )  [15,  16] 
and  a  high-quality  electron  beam  [17]  with  which  to  per¬ 
form  the  vacuum  laser  acceleration  test.  The  electron  en¬ 
ergy  modulation  will  be  ramped  up  to  the  current  C02  laser 
power  limit.  Moreover,  since  the  Compton  Scattering  ex¬ 
periment  [18]  was  recently  conducted  on  the  ATF  beam¬ 
line  #1  (which  is  shared  by  the  STELLA  experiment),  the 
hardware  and  optics  configurations  will  require  only  slight 
modification  since  they  are  quite  similar  to  the  require¬ 
ments  for  the  vacuum  acceleration  experiment.  This  simi¬ 
larity  provides  a  great  opportunity  to  utilizing  the  existing 
hardware  with  little  additional  cost. 

2  INTENSITY  DISTRIBUTIONS  OF  A 
FOCUSED  DONUT-SHAPED  LASER 
BEAM 

As  seen  in  Figure  1,  a  parallel  or  weakly  focused  Gaussian 
laser  beam  passes  through  an  axicon  telescope  (consisting 
of  two  thin  axicon  lenses)  and  is  focused  by  a  thin  lens  at 
distance  F.  The  intensity  distribution  of  the  donut-shaped 
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Figure  1 :  Schematic  of  generating  and  focusing  a  donut¬ 
shaped  beam  at  the  distance  F  by  a  pair  of  axicon  lenses 
and  a  thin  lens. 

beam  transformed  from  a  Gaussian  beam  is  expressed  by 

7(ro)  =  (l  -  — )  exp  —2  (— — -'j  ,r0>b, 

7 TWZ  \  To  J  \  W  J 

(!) 

where  Po  is  the  peak  power  and  b  —  L  tan(0)  is  the  inner 
radius  of  the  donut-shaped  beam,  where  L  is  the  distance 
between  two  axicons  and  8  is  the  refraction  angle  of  the 
axicon,  and  w  is  the  beam  radius  at  the  first  axicon  sur¬ 
face.  By  adjusting  L,  the  inner  radius,  b,  is  controllable. 
The  maximum  intensity,  Im,  occurs  at  rm  where  the  dif¬ 
ferential  of  Eq.  (1)  is  equal  to  zero.  Note  that  Eq.  (1)  is 
derived  ideally  from  the  geometrical  optics  of  the  axicon 
telescope.  The  diffraction  of  the  laser  beam  in  the  course 
of  conversion  is  neglected. 

Figure  2  shows  the  geometric  configuration  for  the 
usual  Fresnel-Kirchhoff  diffraction  integral  formulation 
with  aperture-plane  integration.  The  field  amplitude  dis¬ 
tribution  at  point  P(r,  8)  in  the  x'-y'  plane  is  given,  up  to 
a  constant  phase  factor,  by  the  Fresnel-Kirchhoff  integral 
for  an  aperture  radius  o  [19], 

4>p(r,0)  =  “  /  '&o{ro,Oo)exp(~ikR)$idS,  (2) 

where  k  is  the  wavenumber;  $o(ro>0o)  ~  y/l(r 0)  is  the 
field  amplitude  distribution  at  point  Q(ro,8o)  of  the  lens 
surface  and  7(ro)  is  given  by  Eq.  (1);  d>;  is  the  phase  retar- 


y 


Figure  2:  Geometry  for  Fresnel-Kirchhoff  aperture-plane 
diffraction  formulation. 
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dation  of  the  lens  expressed  as 

=  exp  (^f)  ’  (3) 

where  F  is  the  geometrical  focal  length;  and  R  is  the  dis¬ 
tance  between  Q  and  P, 

R~z+  r°  +r2  -2r0rcos(6>0  -6)  4 

2  z 

Substituting  Eqs.  (1),  (3),  and  (4)  into  Eq.  (2) 


*pM)  = 
x 

x 


where  E0  is  a  constant.  The  relation  JQ27r  exp[ixcos(0o  — 
0)]  =  2irJo(x)  was  used  to  get  Eq.  (5),  the  numerical 
results  of  which  are  shown  in  Figure  3.  Where  the  lens 
aperture  radius  is  a  =  2.5  cm  and  focal  length  is  F  = 
15.0  cm,  the  inner  radius  of  the  donut-shaped  beam  is  b  = 
1.0  cm  and  the  width  is  w  =  0.5  cm  at  the  lens  surface. 
The  small  peaks  at  r  =  0  in  Figure  3(a),  (b),  and  (d)  are 
from  diffraction  effect.  The  beam  width  at  the  focal  plane 
is  wo  =  31/xm  [Figure  3(c)]  and  the  donut  feature  vanishes 
(w0  is  defined  as  the  beam  radius  where  the  intensity  drops 
to  e-2).  Figure  4  shows  the  laser  intensity  distribution  on 
the  beam  z-axis. 


3  CONCEPTUAL  DESIGN  OF  THE 
EXPERIMENT 
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The  proposed  experiment  is  to  perform  four  laser-electron 
beam-interaction  processes.  The  conceptual  schematic  of 
the  first  two  test  processes  is  shown  in  Figure  5.  In  the 
first  process,  a  linearly  polarized,  axisymmetric,  annular 
(“donut-shaped”)  Gaussian-distributed,  CO2  laser  beam  is 
delivered  to  a  vacuum  chamber  through  a  ZnSe  window.  A 
parabolic  mirror  with  a  hole  is  positioned  along  the  elec¬ 
tron  beam  path  (z-axis)  in  the  chamber.  The  hole  is  located 
at  the  mirror  optical  center  and  allows  the  electron  beam 
to  meet  with  the  laser  beam  in  the  focal  region.  A  pop-in 
target,  located  near  the  focal  point,  is  able  to  travel  along 
the  beam  axis.  This  diagnostic  device  is  used  to  align  the 
laser  beam  with  the  electron  beam  in  the  focal  region.  The 
second  process  will  repeat  the  first  one  [20],  but  will  utilize 
a  radially  polarized  beam,  which  will  be  delivered  by  the 
existing  radially  polarized  converter  built  for  the  STELLA 
experiment.  The  third  process  will  perform  a  scheme  with 
two  crossed  beams,  as  shown  in  Figure  6.  The  two  beams 
are  split  from  a  single  beam  by  a  beamsplitter  and  have  a 
phase  difference  n  in  the  interaction  region.  The  last  is  a 
single  beam  scheme,  where  one  laser  beam  and  the  electron 


r  (cm) 


Figure  3:  Cross  sections  of  the  focused  donut  beam  inten¬ 
sity  distributions  in  different  planes.  The  focal  lens  position 
is  at  z  =  0.  Note,  different  scales  for  r-axes  and  the  intensi¬ 
ties  in  (a),  (b)  and  (d)  are  normalized  by  (c). 


beam  will  cross  at  the  laser  focal  point  with  small  angle 
(one  of  the  laser  beams  having  been  turned  off,  see  Fig¬ 
ure  6). 
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Figure  4:  Laser  intensity  distribution  along  the  beam  (z) 
axis  at  r  =  0. 
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Figure  5:  Conceptual  layout  of  vacuum  laser  acceleration 
using  donut-shaped  beam. 

4  DISCUSSIONS 

The  optics  configuration,  which  is  fairly  simple,  can  be 
used  to  perform  all  four  schemes  with  only  slight  changes 
of  the  optics  setup  outside  the  chamber.  The  scheme  using 
a  donut-shaped  beam  is  able  to  overcome  optical  damage 
difficulty  as  laser  power  increases  [20].  However,  the  inter¬ 
action  length  is  many  times  more  than  the  Rayleigh  length 
due  to  diffraction  and  will  degrade  or  wash  out  the  net  en¬ 
ergy  gain  according  to  the  theorem  [10];  however,  the  re¬ 
sults  reported  in  Ref.  [1]  will  be  verified  eventually. 

Two  Rnearty  polarized  0 
CO,  laser  beams 


CCD 

camera 


Figure  6:  Conceptual  layout  of  vacuum  laser  acceleration 
using  a  two  crossed  laser-beam  scheme.  If  one  of  two 
beams  is  turned  off,  it  becomes  a  single  beam  scheme. 
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The  paper  considers  the  dynamics  and  action  on  the 
resonant  nuclei  of  fast  electrons  produced  in  crystal  by 
short  powerful  laser  pulse1,2. 

The  solution  of  relativistic  ponderomotive  equation  for 
electron 

glk(3S/9x‘  +  eA/c)(9S/3xk+  eA/c)  =  m2c2 

in  this  case  has  the  parametric  form 

x  =  -  g  cost];  y  =  0;  z  =  -  Az  sin2ri; 
px=(eEo/T2)  sinri,  Py=0,  pz=  -  (e2Eo2/4yQ2)  cos2ti; 
g  =  eEoc/y£22=  2e(7tqc)1/2/yt22;  r|  =  (Qt-kz); 

Az  =  e2E02c/8y2n3  =  Jtqe2/2Y2Q3; 
t=  (p/Q)  -  (e^WQ3)  sin2ri ; 
y2  =  m2c2+e2Eo2/2Q2  =  m2c2+27tqe2/cQ2; 

Here  g,k  is  contravariant  metric  tensor, 

A={Ax0,0};  Ax=  -  (eEo/f2)  sin(Qt-kz) 

is  the  vector  potential  of  laser  field. 

If  the  short  (duration  At  <  10'12  s)  and  focused  (area  of 
laser  beam  AS  <  KT4  cm2)  optical  laser  pulse  with  energy 
W  acts  upon  the  crystal,  its  electric  field  with  maximal 
value 

Emax=  Eo=  (4ftW/AScAt)1/2 

can  exceed  the  threshold  ionization  field  E(  =  e/rb2  of  the 
atom  in  the  crystal. 

For  the  case  of  laser  field  Eo  «  Qmc/e 
(e.g. ,  at  £2=2.1015s'1,  A^lmicron  and  at 

q  =W/AS  At «  q0=  Q2m2c3/27te2  =  1019  Wt/cm2  s) 

we  have 

g  =  Ax  =  eE0  /mQ.2  =  (47te2q/m2c£24)1/2, 

Az  =  e2E02/8Q3m2c  =  e27tq/2m2c2!Q3. 

In  this  case 

Az/g  =  eEo/8Q2mc  «1 . 


E.g., at  q=  1016  Wt/cm2s  we  have 

g^Ax  =  100A,  Az  =  OJA. 

In  this  case  the  produced  electrons  will  move 
synchronously  with  the  laser  field  E  ,  i.e.,  periodically 
with  subrelativistic  velocity 

v  =  dx/dt  ~  (eEo/mI2)  sin(Qt  -  kz). 

During  the  action  of  short  laser  pulse  the  electron 
system  and  ion  lattise  of  crystal  stays  quasi-cold  (the 
electron  system  thermalizes  only  at  t  >  8ti  =10'”  s,  while 
the  lattice  stays  cold  until  t  >  8t2  —  10‘8  s). 

The  following  items  are  important  for  this 
consideration:. 

1)  Both  free  and  ionization  (AZ  electrons  per  atom) 
atom  electrons  (with  total  concentration 

n*>  1023  -  1024cm'3 )  are  oscillating.  The  amplitude  of 
electron  oscillations  along  laser  field  E0  polarization 
equals 

Ax  =  (47ie2W/m2AScQ4At)1/2. 

In  case  of  powerful  laser  pulse  (X=l  mkm,  1019  Wt/cm2 
s  »  q  >  1012  Wt/cm2  s)  this  amplitude  reaches  the  values 
Ax  =  500  -1000  A  and  exceeds  the  interatomic  distance 
d  =  2  A  by  several  orders  of  magnitude. 

2)  For  such  regime  of  coherent  electron  motion  the 
kinetic  energy  of  periodically  moving  electron  averaged 
by  period  of  oscillation  2nJD.  equals 

<Tcoh>  =  7te2W/mAScft2At  >  50  -100  KeV. 

For  this  case  the  maximal  velocity  of  electrons  equals 
Vmax  =  eEo/mco  =  (4ne2W/m2AScQ2At)1/2  =  (0,5  -  0,8)c. 

This  allows  to  consider  the  averaged  plane  and  axis 
potentials  of  crystal  lattice  instead  of  system  of  discrete 
atoms  of  crystal.  Such  simplification  make  it  necessary  to 
consider  the  influence  of  mutual  orientation  of  laser  field 
E0  polarisation  and  crystallographic  direction  of  quasi¬ 
cold  crystal  (at  t  <  At «  St2)  upon  the  motion  of  fast 
electrons  and  leads  to  the  model  (regime)  of  laser 
produced  electron  beam  channeling  with  self-focusing 
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<j>(p)  of  moving  electrons  to  plane  (axis)  of  crystal  and 
increasing  of  moving  electron  density  (beam  density)  in 
the  volume  of  localization  of  nuclei  and  inside  atomic 
electrons  by  F  =  3  - 10  times.  If  the  laser  wave 
polarisation  ex=E(/Eo  is  parallel  to  the  crystal  axes  or 
planes,  the  density  of  current  of  laser  generated  fast 
electrons  inside  atoms  equals 

jmax  =  n*vmaxF  =  1015  A/cm2. 

In  fact  this  system  can  be  considered  as  a  unique  ultra- 
high-current  subrelativistic  periodical  micro-accelerator. 

3)  For  this  regime  of  coherent  electron  motion  the 
average  <Tcoh>  and  maximal  Tmax=2<Tcoh>  electron 
energy  exceeds  the  equilibrium  plasma  electron  energy 

<T^>  =  3KT/2  =  0.5  -s-3  KeV 

with  the  same  power  W/At  (for  longer  pulses  At »  8ti)  by 
several  orders  of  magnitude.  Also  it  is  possible  using  this 
regime  to  excite  nuclear  states  (direct  Coulomb 
excitation)  with  superthermal  energy 

hoiik(max)  **  <Tcoh>  »  KT. 

4)  The  energy  loss  of  moving  electron  (accelerated  and 
ruled  by  laser  field  E)  on  each  spatial  period  of  its 
oscillation 

AE  =  |  dT(v(x))/dx - 

(lie3  ne/Eo)  I  ln{  l-(eZa3mf2/16E0h)2}l «  1  KeV; 

is  small  and  <Tcoh>  »  AE. 

Here  for  v  >  (inelastic  regime  of  electron 

motion) 

dT/dx  =  dT,/dx  ■  -27te4ne  { /n[(m2v2c2)/(2 J2(  1  -v2/c2)3/2)]  - 
/n2(2(  1  -v2/c2)1/2)  - 1  +v2/c2+ 1  -v2/c2  }/mv2, 

and  for  v  <  e2Z2/3/h  (elastic  regime  of  electron  motion) 
dT/dx  «  dTj/dx; 


( 1 6  Z2e4  no Ax/rn2jtvmax)  J  -y/l  —  (v  /  Vmax)2  dv  /v4  < 


16  Z2e4  n0  Ax/3m2Jtvmax  v3, 


da(v,0)/d0  = 

OO 

(2em/hzK2  )2 1 J  lsinKr/Krl[p„(r)  -  pe(r)]4jtr2drl2  = 
o 

(e4/4m2v2){exp(-3K2u2)  -  (1  -  K2R2/4)'2}2  cosec40/2 

is  the  differential  scattering  cross-section  for  moving 
electron  in  crystal  lattice3 , 

K  =  (2mv/h)sin  0/2,  pn(r)  =  Zel'FJ2, 1'Fnol2  = 

(27tu03)'3/2exp(-r2/2u02),  Uo=  V3  u; 
pe(r)  =Zel'Fel2  =  (Ze/TcRo3)exp(-2Zr/Ro), 

u  is  1-dimentional  averaged  amplitude  of  thermal  atom 
oscillation  in  lattice  in  ground  state. 

According  to  the  result  of  <02>  calculation 
[<02>]1/2  <  0chan 

for  a  crystal  with  not  very  heavy  atoms)  the  motion  of 
fast  electrons  remains  quasi-channeling  within  each 
spatial  period  of  laser  induced  oscillation  Ax. 

These  fast  electrons  interact  with  Mossbauer-type 
nuclei  which  are  non-excited  in  their  initial  state.  The  low 
energy  transitions  in  nuclei  are  known  to  be  the  result,  in 
most  cases,  of  single-nucleon  processes. 

Assuming  r  to  be  the  radius  of  a  proton  related  to 
Mossbauer  transition,  one  can  easily  deduce  an 
expression  for  non-stationary  energy  of  the  interaction  of 
a  moving  electron  with  a  nucleus 

V(R,t)=  Jpe(r)  (p(r,R,t)dr  =  -Ze2  exp(-R(t)/Ro)/IR(t)  -  rl, 

where  Ro  =  1,4  &2/me2  (Z  -  AZ)1/3  is  parameter  of 
electronic  shielding, 


J  -  averaged  potential  of  atom  ionization, 
v(x)  =  vmax  [1-(x/Ax)2]1/2. 

The  motion  of  electrons  remains  quasi-harmonic  during 
N  =  QAt  =  103  oscillations  with  total  path 

x  =  2NAx  =  106A 

5)  The  angular  divergence  of  the  electron  beam 
accelerated  by  laser  equals 

vmax 

<02>  =  no  Ax  J  f(v)dv  J  02  {da(v,0)/d0}  sin0  d0  - 


z 

P  e(r)  =  e  ^  8(r  -  r,J,  tp(r,R,t)  = 
k=i 

e  exp(-R(t)/Ro)/  IR  (t)-  rl 

is  Coloumb  potential, 

R={vt,  p,  0},  p.-  targeting  distances. 

The  above  interaction  can  induce  excitation  of  the 
nucleus.  The  probability  of  the  excitation  can  be 
calculated  according  to  equation 

Pmax  vmax 

Psk=  n*  J  J  Wsk(p,v)  f(v)v(Kp)2npdpdv. 
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Here 

oo 

Wsk(p,v)  =  h'2  I  J  Vsk(p,v,t)  exp(icOfekt)  dtl2, 
f(v)=  [l-(v/gQ)2  ]1/2/7tg£l  - 

the  function  of  velocity  distribution  for  harmonic  motion 
of  electron,  g  =  eEo/m02. 

The  motion  of  fast  electrons  can  be  approximated  by 
the  laws  of  classical  kinetics. 

Expanding  now  the  expression  for  V(r,t)  into  a  series  of 
the  parameter  r/(p2  +  v2t2)1/2 

V(r,t)  =  -  Ze2{  1/R  +  [py  -  (x2  +y2  +z2 )  /2  ]/R3+3[(py)2  + 
x2  +y2  +z2)2 /4  -  py(x2  +y2  +z2 )  +  (vtx)2 /2]/2R5  +  5[(yp)3 
p2  y2  (x2  +y2  +z2  )/2  +3py(vtx)2  3v2 12  (x2  +y2  + 
z2  )2  /2]/2R7  +  35[(py)4/2  +(vt)4  x4  /2  +3(vtpxy)2  ]/4R9  } 

and  calculating  the  matrix  elements  of  the  operator  of  the 
nucleon  coordinate  r  we  have 

Wsk  =(Ze  /vph  )212Q(1)sk+Q<2)  sk/p  +6Q(3)sk/p2+Q(4V2p3 12. 

Here 

Q(1)-  d  =  ey,  Q(2)  =  e(y2-z2),  Q(3)  =  e(y3-y2z/3), 
Q(4)=e(y4+z4-6y2  z2 )  - 

are  correspondingly  matrix  elements  of  the  dipole 
moment  (1=1),  quadrupole  one  (L=2),  octupole  moment 
(L=3)  and  so  on. 

The  size  of  direct  Coulomb  excitation  region  satisfied 
the  condition  for  targeting  distances 
Pmin—  P  —  Pmax- 

Here 

pmin  >  R„  =  r»  A1/3  (rn =1,2.10'13  cm); 

Pmin  ^  Pmin(1>  =Ze2/mv2  -  quasiclassical  limit; 

Pmin  -  pmin<2>  ~  h/mv  -  quantum  limit 

and 

Pmax  <  Ro=  1,4  h2/me2  (Z  -  AZ)1/3; 

Pmax  ^  v/ca*  -  adiabatic  limit. 

After  averaging  by  v 

(Vmin  —  V  ^  Vmax, 

vmin  ~  (2  hco,k/m)  , 

Vmax  =  47teW/AScAt)I/2/m£2) 

and  targeting  distances  p  one  can  derive  the  result  for 
total  probability  of  direct  excitation  of  the  nucleus1’2. 

The  total  probability  of  Coulomb  excitation  of  nuclei 
(or  excitation  of  atomic  electron  to  upper  X-level )  in 
dipole  approximation  equals 


Psk= 

[3Z2e2n*c3/2hcoik3](m/hoak)1/2//i[eEo/Q(m3/hto)1/2]  FGt. 
Here 

Gt=  At /x  for  the  case  x  >  At  and 

Gt=1  for  the  other  case  x  <  At, 

X  is  time  of  life  of  excited  nucleus  state  Ek  for  dipole 
transition  Es  — >  Ek  with  excitation  frequency  of 
nucleus  to^k. 

For  octupole  transitions 

Psk  =  9Z2e2n*c7m4(eEo£2/m)3/287ch7  FGT 

The  probability  of  Coulomb  excitation  of  nuclei  by 
laser  produced  subrelativistic  oscillating  electrons  during 
action  of  short  powerful  polarized  optical  laser  pulse  on 
perfect  oriented  crystal  exceeds  the  probability  of 
Coulomb  excitation  by  thermalized  electrons  (at  same 
laser  power  W/At)  by  the  coefficient 

C  =  (KT/ho\k)1/2exp(h(0^k/KT), 

which  equals  several  orders  of  magnitude  for  case 
fico*  »  KT.  As  a  result  the  probability  of  Coulomb 
excitation  of  lattice  nuclei  reaches  10-50%  (for  laser  with 
q  =  1017  Wt/cm2  and  for  nuclei  with  X  /At  =  10'3)  . 

Such  nonthermal  mechanism  of  obtaining  excited 
nuclei  (or  atomic  electron)  state  proves  by  many  orders 
more  effective,  than  traditional  methods  of  thermal  (at 
At »  8ti)  or  photo  (by  equilibrium  X-rays)  excitation  (at 
At »  8t])  of  nuclear  or  atomic  levels  for  gamma-laser  in 
quasi-equilibrium  laser  electron  or  ion  plasma. 
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Multi-Harmonic  Impulse  Cavity* 


Y.  Iwashitat 

Accelerator  Laboratory,  NSRF,  ICR,  Kyoto  University,  Uji,  Kyoto  611,  Japan 


Abstract 

A  method  that  may  enable  very  high  gradient  acceleration 
is  proposed.  A  short  impulse  shape  wave  form  can  be 
generated  by  superposition  of  many  harmonics.  It  is 
achieved  by  a  cavity  with  multi-harmonic  resonances, 
which  may  have  ten  or  more  modes  excited 
simultaneously  with  proper  phases.  Such  impulse  wave 
form  may  achieve  very  high  peak  accelerating  gradient.  A 
preliminary  result  of  a  cold  model  cavity  is  presented. 

1  INTRODUCTION 

Acceleration  or  debunching  (a.k.a.  phase  rotation)  of 
secondary-beams  such  as  pions  or  muons  has  to  be  very 
quick  because  of  their  short  life  times[l,2].  Because  they 
are  supposed  to  be  initially  bunched  within  very  narrow 
time  width,  duration  of  the  acceleration  voltage  can  be 
very  short  (see  Fig.  1).  This  impulse  shape  wave  form  can 
be  achieved  by  a  cavity  with  multi-harmonic  resonances, 
which  may  have  ten  or  more  modes  excited 
simultaneously  with  proper  phases  (see  Fig.  2).  Such 
impulse  wave  form  may  achieve  very  high  peak 
accelerating  gradient,  because  of  the  short  duration  of  its 
peak.  One  more  feature  of  this  scheme  may  be  the  power 
consumption.  Assuming  that  every  mode  has  same  order 


Figure  1:  Time  structure  of  a  bunched  beam  and  electric 
field  for  debunching. 

*  - - 

Work  supported  in  part  by  Grant-in  Aid  for  Scientific  Research  from 
Ministry  of  Education,  Science,  Sorts  and  Culture  Government  of  Japan. 
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of  shunt  impedance,  the  total  RF  power  is  proportional  to 
the  number  of  modes  that  is  also  proportional  to  the 
acceleration  gradient,  while  it  is  proportional  to  square  of 
the  acceleration  gradient  for  a  single  mode  cavity.  This 
paper  explains  some  ideas  for  Multi-Harmonic  Impulse 
Cavity  (MHIC). 

2  COAXIAL  CAVITY 

A  simple  example  of  such  a  cavity  is  a  X./2  coaxial 
resonator,  which  has  harmonic  integer  resonances  (see 
Fig.  3).  Among  the  resonances,  those  with  even  harmonic 
number  cannot  be  used  because  they  have  nodes  of 
electric  field  distribution  at  the  center.  Effects  of  a  beam 
hole  in  the  conductor  should  be  compensated  for  a  cavity 
to  have  right  resonant  frequencies. 


Figure  2:  Superposition  of  harmonics  to  generate  impulse 
train.  Upper  one  is  adequate  for  acceleration.  Lower  one  is 
for  (de-)bunching. 


Input  Couplers 

Figure  3:  X/2  coaxial  resonator  having  many  input 
couplers  for  harmonics. 
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length. 
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Assuming  that  the  fundamental  frequency  is  10  MHz,  a 
length  of  a  X/2  coaxial  resonator  becomes  15  m,  which  is 
rather  huge  for  a  construction.  Folded  coaxial 
configuration  (see  Fig.  4)  can  be  employed  to  reduce  the 
cavity  length  (actually  the  width  in  this  case).  For  a  real 
application,  these  cavities  are  lined  up  on  a  beam  axis. 
The  folded  coaxial  cavities  may  have  cross  bar 
configuration  for  better  space  factor.  Because  there  is  a 
vacant  space  in  the  inner  conductor,  this  space  can  be 
filled  with  nested  cavities  for  higher  harmonics  as  shown 
in  Fig.  5.  On  the  other  hand,  this  location  may  be  useful 
for  a  focusing  device  such  as  a  Q  magnet  or  a  solenoid 
coil.  For  a  higher  order  mode,  the  conductor  surface  of  the 
peripheral  area  beyond  the  first  node  does  nothing  but 
power  consume.  Choke  structures  or  low  pass  filters  at 
these  points  may  block  power  flows  to  the  peripheral  area 
and  increase  its  shunt  impedances. 


Figure  5:  Nested  coaxial  cavity. 

In  very  rough  estimation  assuming  that  shunt 
impedance  of  each  mode  is  4MQ/m  and  40kW/m  is 
available  for  each  mode,  we  can  obtain  lMV/m  for 
120kW/m.  With  a  naive  scaling,  operation  of  thirty  modes 
achieves  lOMV/m  for  lMW/m.  There  should  be  a  lot  of 
difficulties  achieving  this  level.  One  major  problem  is 
increase  of  mode  density  toward  the  higher  frequency 
region. 

In  order  to  fine-tune  the  resonant  frequencies,  many 
frequency  tuners  are  desired.  An  RF  power  feeding 
scheme  should  be  established.  Although  a  cavity  with 
single  RF  coupler  is  simple,  the  RF  circuit  may  be 
complicated  because  many  harmonics  have  to  be 
combined  and  matched  to  the  cavity.  On  the  other  hand, 
installing  multiple  couplers  on  a  cavity  makes  the 
fabrication  complicated.  Figure  6  shows  a  schematic 
drawing  of  a  proof  of  principle  (POP)  model  for  a  coaxial 
cavity  geometry  (CoaxPOP).  Coupling  scheme,  frequency 
tuners  and  RF  characteristics  will  be  investigated,  on  this 
cavity.  Experiments  on  the  discharge  properties  are  also 
possible  so  that  it  is  designed  as  vacuum  tight.  Four  of 
frequency  tuners  and  coupling  loops  are  prepared  (see 
Photo  1).  One  antenna  can  be  installed  at  the  center  port 
for  measuring  the  electric  field. 

Figure  7  shows  a  preliminary  data  from  the  CoaxPOP, 
where  RF  power  transmission  is  measured  between  a) 
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Figure  6:  Proof  of  principle  model  for  coaxial  cavity. 


Photo  1 :  CoaxPOP  parts 


Figure  7:  Measured  transmissions  between  a)  both  end 
loops  and  b)  from  end  loop  to  center  antenna. 
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both  end  loops  and  b)  from  end  loop  to  center  antenna. 
The  fundamental  frequency  agrees  with  the  designed 
value  of  144.5  MHz.  Only  harmonic  modes  are  observed 
up  to  seventh  harmonics.  Even  harmonics  are  much 
suppressed  at  the  center  antenna  as  expected.  Further 
measurements  are  under  way. 

3  CYLINDRICAL  CAVITY 

Because  a  X/2  coaxial  resonator  has  two  acceleration 
gaps,  it  has  restrictions  on  designing  a  system:  the  axial 
length  affects  transit  time  factor  and  a  bipolar  wave  form 
(single  sine  wave  at  least)  is  required.  A  single  gap  cavity 
using  multiple  modes  such  as  "signal-cavity  with  double 
frequency  buncher"  [3]  is  preferred.  Figure  8  shows  the 
mode  spectra  of  TMmnO  in  a  simple  cylindrical  cavity. 
Unlike  the  coaxial  cavity,  frequencies  of  higher  order 
modes  in  a  cylindrical  cavity  are  not  integral  multiple  of 
that  of  a  fundamental  mode.  Adjustments  are  needed  to 
satisfy  such  requirements. 


n 


Figure  8:  Mode  spectra  of  TMmnO  in  a  simple  cylindrical 
cavity. 

Because  the  fundamental  mode  frequency  is  so  low  that 
the  cavity  diameter  becomes  too  large.  It  is  worse  than  the 
coax  cavity  case  because  a  cylinder  with  large  diameter 
takes  larger  volume  than  a  pin  point  object  with  the  same 
length.  The  diameter  of  a  cylindrical  cavity  can  be 
reduced  by  folding  it  radially.  Figure  9  compares  a  size  of 
a  simple  cylindrical  cavity  and  that  of  a  folded  cylindrical 
cavity  with  a  fundamental  mode  frequency  of  30  MHz. 
The  cavity  radius  can  be  reduced  less  than  a  half.  The 
frequencies  of  these  cavities  are  shown  in  Fig.  10.  The 
lowest  three  or  four  frequencies  have  odd  number 
proportions.  The  shunt  impedance,  however,  is  rather 
small  (-lMO/m)  and  further  work  may  have  to  be  done 
for  a  practical  use. 

4  CONCLUSION 

MHIC  may  enable  CW  operation  of  a  room  temperature 
cavity  with  fairly  high  field  gradient  because  of  the 
superposition  of  the  electric  field.  It  may  achieve  very 


30MHz  cavity 


Very  Large 

r=3.8m 


Figure  9:  Comparison  between  a  simple  cylindrical  cavity 
and  folded  cylindrical  cavity. 


Figure  10:  Frequencies  in  a  simple  cylindrical  cavity  and 
those  of  a  folded  cylindrical  cavity. 

high  gradient  field  because  of  the  wave  form  of  the 
impulse  shape  (short  time  duration).  Many  power 
amplifiers  with  different  frequency  ranges  required  by  this 
scheme  makes  the  system  complicated.  Further  work  has 
to  be  done  to  realize  this  scheme. 
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Abstract 

The  linac  at  the  Stanford  Linear  Accelerator  Center 
(SLAC)  can  provide  beams  to  different  experiments 
during  PEP-II  operations.  It  is  planned  to  have  a  30  GeV 
beam  to  the  end  of  the  linac  into  the  FFTB  (Final  Focus 
Test  Beam)  area,  where  there  will  be  two  plasma 
experiments  installed,  which  will  demonstrate  plasma 
focussing  and  plasma  acceleration  up  to  1  GeV/m.  The 
acceleration  goes  linear  with  the  current  and  is  inversely 
proportional  to  the  square  of  the  bunch  length.  These  high 
charge,  short  bunches  will  create  strong  longitudinal 
wakefields  in  the  linac.  They  create  a  strong  double¬ 
horned  energy  profile  and  have  different  beam  dynamics 
in  the  linac.  Therefore  we  made  a  test  run  in  Fall  of  1998 
to  measure  and  quantify  the  beam  properties,  like  stability, 
distributions,  tails,  and  backgrounds,  which  will  be 
discussed  in  this  paper.  The  actual  plasma  experiments  are 
planned  for  the  spring  of  1999. 


1  INTRODUCTION 

The  combination  of  plasma  physics  and  accelerators  is 
studied  in  two  experiments  at  SLAC.  E-150  plans  to  focus 
a  small  high  energy  beam  by  a  factor  of  about  two  (e.g. 
5  pm  to  3  pm)  via  a  plasma  lens,  and  E-157  plans  an 
acceleration  of  up  to  1  GeV/m  over  1  m  distance.  For 
these  experiments  a  low  emittance,  intense  beam  with 
short  bunch  length  is  required.  An  SLC-like  beam  with 
41010  particles  per  bunch  and  an  emittance  with  5  in  x  and 
0.3  •  10'5  m-rad  in  y  seems  ideal  (or  2.5  •  10'5  m-rad  both). 
The  bunch  length  is  a  critical  factor  for  the  plasma 
acceleration  and  0.6  (or  0.4)  mm  will  give  4-times  (9- 
times)  the  acceleration  than  a  1.2  mm  long  SLC  beam. 
These  shorter  bunches  will  generate  not  only  a  plasma 
wakefield,  but  also  a  strong  longitudinal  wakefield  in  the 
conventional  accelerator  giving  the  beam  a  large  energy 
spread.  This  problem  is  increased  since  only  2/3  of  the 
linac  is  accelerating  the  beam  to  30  GeV  instead  of  45 
GeV  for  power  saving  reasons.  How  an  initial  test  run 
performed,  which  checked  mainly  the  compatibility  with 
PEP-II  is  discussed  first  and  then  simulations  follow, 
which  show  how  the  energy  spread  develops. 


*Work  supported  by  Department  of  Energy  contract  DE-AC03- 
76SF00515. 


2  TEST  RUN 

2.1  Compatibility  with  PEP-II 

A  test  run  together  with  PEP-II  operation  [1]  showed  that 
several  features  of  running  an  accelerator  had  to  be 
separated,  or  a  combined  solution  found.  The  timing 
scheduling  and  the  beam  shut  off  system  needed  a  further 
separation,  and  a  combined  energy  profile  and  betatron 
lattice  made  some  compromise  to  the  FFTB  energy  (28.5 
instead  off  30  GeV). 

2.2  Bunch  Length  and  Energy  Spread 

The  bunch  length  was  estimated  with  a  36  GHz  cavity  and 
optimised  to  about  0.55  mm  at  29.5  MeV  compressor 
amplitude.  Figure  1  shows  the  inverted  cavity  signal  after 
normalising  it  to  a  toroid  reading  (stars:*)  and  scaling  it  to 
the  expected  curve  (solid  line,  for  an  R56  =  0.7  m). 


Compressor  Amplitude  [MeV] 

Fig.  1 :  Linac  bunch  length  versus  compressor  strength. 

Since  something  was  wrong  with  the  beam  line  (see 
below)  we  ran  most  of  the  time  at  32  MeV  compressor 
strength  which  lengthens  the  bunch  to  about  0.6  mm  and 
gives  a  very  small  energy  spread  of  about  0.15  %. 

2.3  Emittance  Odyssey 

After  years  of  watching  over  the  last  10  or  20%  emittance 
growth  in  the  SLC  era,  it  was  an  eye-opening  experience 
to  see  emittances  changing  from  roughly  100%  to  2000% 
in  a  matter  of  days.  This  was  the  initial  excuse  for  a  noisy 
beam  in  the  FFTB  tunnel  tripping  protective  ion 
chambers.  After  getting  different  rf  phase  adjustments 
working  for  FFTB  and  PEP-II  [1]  and  therefore  being  able 
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to  get  BNS-damping  [2]  in  place,  the  emittances  came 
down  and  the  orbits  could  be  steered  down  to  less  than 
150  pm  rms,  see  Fig.  2. 

Electrons  BPS  vs  Z  fRef.  Ch'bit  332^ ’  (FFT8V 

PP*3,  Bunch*«2,  Bunch  delay-0,000  ns,  TS*1,  NftVG«l  X,Y  RK3-  0.124  0.133 


.60] 
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Fig.  2:  Well-steered  linac  orbit. 


The  beam  emittances  of  2.2  1010  particles  was  with  4.7  • 
10-5  m-rad  in  x  and  0.28  •  10-5  m-rad  in  y  comparable  to 
SLC  emittances.  This  was  measured  with  wire  scanners  in 
Sector  28  about  250  m  away  from  the  end  of  the  linac.  But 
the  beam  in  the  BSY  (beam  switch  yard)  looked  still  fuzzy 
and  bigger  than  usual.  A  quadrupole  emittance  scan 
revealed  a  value  of  40  •  10-5  m-rad  in  y,  which  is  more 
than  100  times  bigger  than  just  300  m  further  upstream. 
This  “smelled”  like  something  in  the  beam  line  like  a 
profile  monitor,  a  stuck  valve  with  miswired  interlocks,  or 
even  “ice”  built-up  in  a  cooled  section  between  linac  and 
BSY.  In  a  combined  effort  to  solve  or  localise  the 
problem,  everything  got  adjusted  and  a  not  working  beam 
loss  monitor  system  revived,  after  which  the  beam  was 
fine  and  small.  Actually  it  was  so  “good”  that  it  caused  a 
vacuum  to  water  leak  near  or  at  the  dump  where  the  beam 
was  parked,  before  sending  it  to  FFTB.  After  this  odyssey 
the  beam  was  good  enough  for  some  early  test  in  FFTB. 


After  Compressor  Linac  Bunch  Distribution 


z  [mm] 


z  [mm] 


Fig.  3:  Bunch  length  compression  in  the  RTL. 
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3  SHORT  BUNCHES  CREATE  BIG 
ENERGY  SPREADS 

Since  the  plasma  acceleration  goes  with  one  over  the 
bunch  length  squared  and  only  linearly  with  the  current,  it 
is  interesting  to  study  the  creation  and  limits  of  short 
bunches. 

3. 1  Creation  of  Short  Bunches 

In  the  ring-to-linac  (RTL)  section  a  compressor  cavity 
introduces  a  correlated  energy  spread  (versus  z),  which 
then  compresses  the  bunch  length.  Different  compression 
strength  (R56’ s)  will  end  up  with  different  minimum  bunch 
lengths  (see  Tab.  1). 


*56 

Compressor 

optimum 

^zjnin 

0.7  m 

30  MeV 

0.55  mm 

0.6  m 

35  MeV 

0.48  mm 

0.5  m 

40  MeV 

0.41  mm 

Tab.  1:  Lower  R56’s  reduce  the  minimum  bunch  length. 

During  the  last  SLC  run  the  R56  was  raised  from  0.6  m  to 
0.7  m  to  reduce  mainly  the  beam  losses.  If  the  adjustment 
range  in  the  opposite  direction  is  similar  an  R56  of  0.5  m  is 
possible.  This  results  in  a  0.41  mm  long  bunch  with  96  % 
throughput  (see  Fig.  3). 

A  further  compression  to  about  0.3  mm  with  an  inverse 
“pre-compression”  in  the  damping  ring  seems  possible, 
but  first  let’s  watch  the  resulting  energy  spread  in  the  next 
section. 

3.2  Energy  Spread  due  to  Longitudinal 
Wakefields 

The  longitudinal  wakefield  of  a  short,  intense  bunch  will 
decelerate  the  bunch  core  and  tail,  creating  a  big 
correlation  and  a  double-horned  energy  distribution.  At  4 
TO10  particles  and  0.4  mm  bunch  length  the  distance 
between  the  two  horns  is  already  6%  and  cannot  be 
reduced  to  zero  anymore.  Even  if  the  beam  would  sit  90° 
off  the  crest,  it  would  be  still  1.5%  (if  the  energy  itself 
would  not  be  zero).  Being  5  mm  (or  17°)  off  the  rf  crest,  it 
will  be  still  4  %,  see  Fig.  4  and  compare  Tab.  2  for 
different  currents  and  end  energies. 

The  end  energy  of  30  GeV  is  achieved  by  not  powering 
1/3  of  the  klystrons,  but  whose  accelerating  structures  will 
still  generate  wakefields,  making  the  energy  spread  of 
21010  at  30  GeV  equal  to  the  one  of  31010  at  45  GeV. 
The  limit  will  be  set  by  the  energy  acceptance  of  the 
FFTB  line. 


Linac  RF  with  Longitudinal  Wakefield 


for  a  0.41  mm  bunch  with  2,  3, 4-1010  particles. 


N 

AE/E  at  30  GeV 

AE/E  at  45  GeV 

0.41  mm 

0.54  mm 

0.41  mm 

0.54  mm 

41010 

4.0% 

3.3% 

1.8  % 

1.4% 

31010 

2.5  % 

1.8% 

1.0% 

0.5  % 

21010 

1.0% 

0.5  % 

0.2% 

(-0.1  %) 

HO10 

0.0% 

(-0.5  %) 

(-0.5  %) 

(-0.8  %) 

Tab.  2:  Double-horn  distance  AE/E 
for  different  currents  at  30  GeV  or  45  GeV  energy 
and  the  two  bunch  lengths  of  0.41  mm  and  0.54  mm. 


4  CONCLUSION 

Pulsed  devices  in  the  accelerator  make  a  simultaneous 
operation  of  PEP-II  and  another  beam  for  plasma 
experiments  possible.  Initial  tests  helped  to  improve  this 
compatibility.  Simulations  have  shown  that  short  bunch 
lengths  are  possible,  but  the  resulting  energy  spread  will 
finally  limit  the  length  or  the  current. 
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Abstract 

A  lithium  (Li)  plasma  source  is  described  that  can  be  used 
for  plasma  acceleration  as  well  as  for  electron  beam 
focusing  (plasma  lens).  The  Li  vapor  with  a  density  in  the 
2xl015  cm"3  range  is  produced  in  a  heat-pipe  oven.  The  Li 
is  ionized  to  Li+  through  single  uv  photon  absorption.  For 
the  plasma  wake  field  acceleration  experiment,  the  plasma 
density  npf=2-4xl014  cm'3  is  made  uniform  over  the 
1-meter  long  plasma  [1].  A  shorter  length  of  uniform 
plasma  density  can  be  used  as  an  underdense  plasma  lens, 
or  the  plasma  density  can  be  tapered  for  an  underdense 
tapered  plasma  lens. 

1  INTRODUCTION 

Plasmas  can  sustain  very  large  amplitude  electric  fields 
and  are  thus  very  suitable  for  particle  acceleration 
(longitudinal  field)  and/or  particle  focusing  (transverse 
field).  In  a  recently  proposed  experiment  known  as  E-157 

[2] ,  the  30GeV  electron  beam  of  the  Stanford  Linear 
Accelerator  Center  (SLAC)  Final  Focus  Test  Beam 
(FFTB)  is  sent  in  a  plasma  with  an  electron  density  n  in 
the  2-4x1 014  cm"3  range.  Numerical  simulations  snow 
that  that  the  electron  bunch  excites  a  wake  (longitudinal 
plasma  wave)  with  a  maximum  amplitude  of  1  GV/m, 
making  it  possible  for  the  first  time  to  accelerate  electrons 
by  1  GeV  over  1  meter.  The  electrons  of  the  bulk  of  the 
electron  beam  drive  the  wake  and  loose  about 
200  MeV/m,  while  the  trailing  electrons  of  the  same 
bunch  experience  the  acceleration  and  gain  about 
1  GeV/m.  In  previous  self-modulated  laser  wake  field 
acceleration  (SM-LWFA)  experiments  fields  in  excess  of 
100  GV/m  where  excited  but  only  over  a  few  millimeters 

[3] .  In  plasma  beat  wave  acceleration  (PBWA) 
experiments  a  field  of  3  GV/m  has  been  excited  over 
1  cm  [4],  the  resulting  electron  energy  gains  were 
=100  MeV  and  30MeV  respectively.  The  E-157 
experiment  operates  in  the  “blow-out”  regime,  and  the 
focusing  force  exerted  by  the  ion  column  onto  the  beam 
electrons  corresponds  to  a  focusing  strength  in  excess  of 
6xl05  G/cm.  A  shorter  section  of  plasma  (L= 25  cm)  can 
be  used  as  an  effective  underdense  thick-plasma  lens. 
Alternatively,  the  ionizing  laser  beam  can  be  focused  into 
the  plasma  to  produce  a  tapered  plasma  density  suitable  for 
an  underdense  plasma  lenses.  Plasma  lenses  used  at  the 
final  focus  may  significantly  improve  the  beam 
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No.  DE-FG03-92ER40745,  and  by  the  NSF  under  Grants  No.  ECS- 
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luminosity  and  can  be  used  to  minimize  beamstrahlung. 
The  Li  plasma  sources  combine  the  ease  of  ionization  and 
uniformity  of  the  Li  vapor  (ionization  potential  5.3  eV), 
with  the  flexibility  of  a  1-photon  laser  induced  ionization. 


2  LI  PLASMA  SOURCE  FOR 
ELECTRON  ACCELERATION 


Figure  1 :  Schematic  of  the  Li  vapor/plasma  source 
(not  to  scale). 


Lithium  is  chosen  for  the  plasma  because  it  has  a  low 
ionization  potential  (5.3  eV)  and  can  thus  be  ionized  over 
a  large  volume  through  a  single  uv  photon  absorption 
process  (A<242  nm).  Li  also  has  a  relatively  low  atomic 
number  (Z=  3)  which  minimizes  the  additional  plasma 
density  that  is  produced  through  impact  ionization  by  the 
electrons  of  the  beam  to  be  accelerated.  A  neutral  Li  vapor 
density  in  the  1015  to  1016  cm"3  range  can  be  obtained  by 
heating  the  Li  to  around  750°C.  The  Li  vapor  column  is 
produced  in  a  heat-pipe  oven  [5]  (Fig.  1).  The  hot  Li 
vapor  is  confined  to  the  heated  central  part  of  the  heat-pipe 
by  the  room  temperature  He  buffer  gas  located  at  the  ends 
of  the  heat-pipe.  The  vapor  temperature  is  such  that  the  Li 
vapor  pressure  is  equal  to  the  He  pressure  (in  absence  of 
significant  flow).  The  Li  density  is  thus  determined  by  the 
adjustable  He  pressure.  The  length  of  the  Li  column  L  is 
approximately  equal  to  the  length  of  the  heated  section  of 
the  pipe,  and  can  be  varied  around  that  value  by  changing 
the  heating  power  delivered  to  the  oven.  A  vapor  density 
/i0=2xl013cm"3  was  produced  over  L= 25  cm  in  a  short 
oven  at  a  temperature  of  =750°C  [6].  The  product  rigL  was 
measured  using  the  hook  method  [7],  and  by  uv  and  by 
white  light  absorption,  whereas  the  column  length  was 
deduced  from  longitudinal  temperature  profiles 
measurements. 

The  vapor  was  ionized  by  single  photon  absorption  of  a 
20  ns,  F0=  145  mJ/cm2  (maximum)  ArF  uv  laser  pulse 
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(A=193  nm).  The  line  integrated  plasma  density  npeL  was 
measured  by  uv  absorption,  and  by  C02  and  visible  laser 
interferometry.  The  plasma  varied  linearly  with  Fg 
(Fig.  2)  and  reached  a  maximum  of  2.96xl014  cm" 
(limited  by  F0)  corresponding  to  a  15%  fractional 
ionization.  The  time  for  the  plasma  density  to  decrease  by 
a  factor  of  two  from  its  maximum  value  was  12  ps.  The 
plasma  source  has  reached  all  the  required  parameters  for 
the  E-157  experiment  (Table  1). 


Figure  2:  Plasma  density  versus  incident  uv  fluence  (F0), 
as  measured  by  C02  laser  interferometry  (triangles),  and 
by  uv  absorption  (circles).  The  two  lines  are  the  best 
linear  fits  to  the  two  measurements. 

Table  1:  Plasma  parameters  required  for  the  E-157 


experiment. 


Plasma  Density 

n„. 

2-4  xlO14  cm'3 

Plasma  Length 

L 

=  1  m 

Density  Uniformity 

An„A„, 

<25% 

Ionization  Fraction 

njn„ 

>15% 

Radius 

r 

>400  pm 

For  that  experiment  however,  the  length  of  the  plasma 
has  to  be  of  the  order  of  one  meter  for  the  electrons  to 
gain  1  GeV.  More  importantly,  the  product  npeL  has  to  be 
matched  to  an  integer  number  of  betatron  wavelengths  of 
the  electron  beam  envelope  in  the  plasma.  The  /3-function 
A >  of  electron  beam  is  not  matched  to  the  plasma  p 
from  (Table  2)  ph=(f/e  =5.6  m  >  Ppe(npe-=4xl&4  cm*)= 
(2y)mc/(Op=  0.09  m,  where  y  is  the  relativistic  factor  of 
the  electron  beam  and  cop=( npee2/£0me)m  is  the  plasma 
frequency.  The  beam  envelope  thus  experiences  betatron 
oscillations  with  a  wavelength  of  XJ2-29  cm,  where 
Xh=2nc/( 2 Y)m(Ope  is  the  betatron  wavelength.  The  beam 
emerges  from  the  plasma  collimated  only  if  L=mXl/2, 
m= 1,2,...  The  beam  size  at  the  pinch  is 
2 Yc2/o^pepb),/2a~  1 .73  pm  (np=4xl0,A  cm'3), 

indicating  that  a  shorter  plasma  could  be  used  as  an 
effective  plasma  lens. 

A  1 -meter  long  source  (~3XJ2)  is  presently  built  for  the 
E-157  experiment,  in  collaboration  with  the  Laurence 
Berkeley  Laboratory  [1],  while  a  1.5-meter  source  (=5)4/2) 
is  being  developed  at  UCLA  for  further  experiments.  In 
the  1-meter  plasma  the  gradient  in  npe  resulting  from  the 
uv  photon  absorption  can  be  compensated  for  by  double 
passing  the  laser  pulse  through  the  Li  column.  For 
example  the  n  variation  is  about  30%  over  L=1  m  for 
n0=2xl015  cm"  with  an  average  plasma  density  of 
=2.9xl014  cm'3  in  the  single  pass  case  (  incident  fluence 
Fg=  100  mJ/cm2)  and  is  reduced  to  =8%  while  the  plasma 


density  is  increased  by  more  than  50%  (4.8x1 014  cm'3)  by 
double  passing  the  oven.  Alternatively  the  plasma  density 
gradient  can  be  minimized  by  focusing  the  ionizing  laser 
beam.  In  a  short  plasma  (OttoLccl)  the  uv  photons 
absorption  is  linear  with  distance  (F=FBexp(-an(^)~Flj(  1- 
ongL)  and  can  be  exactly  compensated  for  by  a  cylindrical 
focusing. 


Table  2:  Electron  beam  parameters  at  the  interaction 
point. 


Number  of  Electrons 

Ne 

3.5-4 .0x1 010 

Initial  Energy 

En 

30  GeV 

Bunch  Length 

o7 

0.6  mm 

Bunch  Size  (@  lxl010e  ) 

ox 

=75  pm 

=75  pm 

Emittance 

yex 

60  mm-mrad 

ye. 

15  mm-mrad 

3  BEAM  FOCUSING,  UNDERDENSE 
UNIFORM  PLASMA  LENS 


The  leading  electrons  of  a  long  electron  bunch 
(o z>c/io  )  expel  the  plasma  electrons  in  a  radius  of 
~c/(Ope.  In  the  case  where  the  beam  density  nb  is  larger 
than  the  plasma  density  (tib>npJ2,  the  underdense  plasma 
lens  case),  the  core  of  the  electron  beam  experiences  a 
focusing  force  originating  from  the  plasma  ion  column 
(npi=npJ.  The  force  can  be  calculated  from  Poison’s 
equation  and  varies  linearly  with  radius.  Its  strength  is 
W=enpe/2e0c~  3nc[cm3]/1015  MG/cm.  For  comparison, 
the  maximum  strength  of  a  typical  magnetic  quadrupole 
lenses  is  =10  kG/cm.  The  plasma  acts  on  the  electron 
beam  as  a  strong,  ideal  lens.  The  lens  modifies  the 
minimum  /3-function  of  the  incoming  beam  according  to: 

£=__! _  (1) 

where  /30*  and  p*  are  the  minimum  /3-functions  for  the 
beam  without  and  with  the  plasma  lens  respectively,  po  is 
the  /3-function  at  the  lens  entrance,  and  K=We/ymec.  The 
/3-function  of  the  beam  at  the  lens  exit  pL  is  given  by: 


PL  =  — +  — 

L  2  2KP0 

2s. 


+  |A__L_ 

2  2Kpl 


cos(2 -JKL) 


(2) 


5vf Ksi"(2^) 


where  sg=( p0*( P0-Po))m  is  the  distance  between  the  lens 
entrance  and  the  beam  focus  in  absence  of  the  lens.  The 
new  beam  focus  is  located  a  distance  s=(p‘(PL-p*))l/2  away 
from  the  lens  exit. 

The  Li  plasma  source  described  in  the  previous  section 
could  be  used  to  produce  a  10  cm  long  plasma  with  a 
uniform  density  of  np=  2xl014  cm'3  corresponding  to 
c/(Op=315  pm.  The  FFTB  pulse  stretched  to  G  =  1 .0  mm 
(nfc=4.5xl014  cm '3>np/2  with  Af=4xl010  electrons  per 
bunch)  would  focus  to  ax=2.5  pm  (reduction  by  a  factor 
=30)  4.0  cm  away  from  the  lens  exit. 


4  BEAM  FOCUSING,  UNDERDENSE 
TAPERED  PLASMA  LENS 

In  the  uniform  plasma  lens  example  described  in  the 
previous  section,  the  plasma  is  underdense  at  the  lens 
entrance  and  becomes  more  and  more  underdense  as  the 


3652 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


electron  beam  focuses.  In  order  to  increase  the  strength  of 
the  plasma  lens  and  reduce  the  final  beam  spotsize,  the 
plasma  density  can  be  increased  along  the  electron  beam 
path  while  keeping  the  plasma  underdense  for  the  focusing 
beam.[8]  With  the  plasma  source  described  in  Section  2 
this  can  be  achieved  by  sending  a  de-focusing  ionizing 
laser  beam  in  the  opposite  direction  to  that  of  the  electron 
beam.  In  this  case,  the  plasma  density  decreases  along  the 
laser  beam  path  (i.e.,  increases  along  the  electron  beam 
path),  because  of  the  depletion  of  the  uv  photons  and 
because  of  the  decrease  in  uv  fluence  resulting  from  the 
beam  de-focusing.  The  uv  photons  are  absorbed  following 
N(z)=Ngexp{-ani/L-z)}  for  0 <z<L,  where  N0-E(/hv,  E0  is 
the  incident  uv  energy,  and  hv  the  energy  per  photon.  The 
plasma  density  created  by  ionization  is  given  by 
n^zM  1/AX-SN/dz)  =(onl/hv)(N(/A(z))exp(-<jnd(L-z)} 
where  A  is  the  laser  beam  spot  size.  For  a  thin  plasma 
(GngL«  1),  and  a  beam  expanding  from  an  initial  radius  r0 
to  a  final  radius  in  the  plasma  of  r0+Ar  according  to 
r(z)=r^l+Ar(L-zyL),  the  plasma  density  is  thus: 


an0  E0  (1  -on0(L-z)) 
hv  nrl  (l  —  Ar(L  —  z)  /  L)2 


(3) 


The  laser  fluence  incident  upon  the  Li  vapor  is  F0=E(/ia0 2 
where  m0 2  is  the  laser  spotsize  when  entering  the  plasma. 


The  envelope  equation  for  the  beam  spot  size  <T. 


a"(z)  +  K(s)a{z) 


(4) 


can  be  solved  numerically  for  a  plasma  density  profile 
given  by  eq.  4.  Figure  3  shows  the  beam  envelope 
evolution  for  the  case  described  in  the  previous  section 
(^=2x10 14  cm'3  over  L=10cm,  sharp  boundaries). 
Figure  4  shows  the  beam  envelope  evolution  in  a  10  cm 
long  plasma  with  a  plasma  density  tapered  from  2  to 
10xl014  cm'3  by  defocusing  the  ionizing  laser.  The  initial 
vapor  density  is  «0=2xlO'5  cm'3,  and  the  initial  fluence 
F,f= 286  mJ/cm2.  The  tapered  plasma  lens  remains 
underdense  over  its  entire  length,  and  the  final  spot  size  is 
reduced  from  2.5  pm  (in  the  constant  npe  case)  to 
1.24  pm.  The  focal  point  is  now  located  5.0  cm  away 
from  the  plasma  exit.  Also  shown  on  these  figures  the 
same  calculations  for  a  plasma  density  including  more 
realistic  continuous  vacuum/plasma  boundaries.  In  this 
case  the  lens  focusing  strength  is  kept  approximately  the 
same  as  in  the  sharp  boundary  case  by  keeping  the  number 
of  particles  in  the  plasma  the  same  in  the  sharp  and 
continuous  boundaries  cases.  Note  that  numerical 


simulations  are  required  to  confirm  and  optimize  the 
examples  presented  here. 


5  SUMMARY 

A  lithium  plasma  source  is  described  that  will  be  used 
to  demonstrate  acceleration  of  ultra-relativistic  electrons 
by  =1  GeV  over  =1  m.  A  shorter  version  (=10  cm)  of  the 
same  plasma  source  could  be  used  as  an  underdense  plasma 
lens.  In  the  examples  described  here  the  SLAC  FFTB 
spot  size  is  reduced  from  75  to  2.5  pm  in  the  constant 
plasma  density  case,  and  from  75  pm  to  1 .25  pm  in  the 
case  of  the  plasma  density  tapered  along  the  electron  beam 
path  (2  to  10xl014  cm'3).  The  plasma  density  taper  is 
obtained  by  defocusing  the  ionizing  laser  pulse. 


z  (cm) 

Figure  3:  Evolution  of  the  beam  envelope  a  (continuous 
lines)  when  traversing  an  n^=2xl014  cm  '3,  L=10cm 
(dashed  lines)  underdense  plasma  lens  with  (thick  lines) 
and  without  (thin  lines)  continuous  plasma  boundaries. 
The  total  number  of  charges  in  the  plasma  is  the  same  in 
both  cases.  The  initial  a  is  75  pm,  and  the  minimum  cr 
is  2.5  pm  in  both  cases,  10  respectively  13  cm  away 
from  the  lens  exit. 
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Figure  4:  Evolution  of  the  beam  envelope  a  (continuous 
lines)  when  traversing  an  plasma  with  a  density  npe  tapered 
from  2  to  10xl014cm  3  over  L=  10  cm  (dashedlines)  with 
(thick  lines)  and  without  (thin  lines)  continuous  plasma 
boundaries.  The  plasma  remains  underdense  along  the 
lens.  The  initial  cr  is  75  pm,  and  the  minimum  cr  is 
1 .24  pm  5  respectively  2.5  cm  away  from  the  lens  exit. 
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Abstract 

In  the  plasma  beat  wave  acceleration  scheme,  the 
ponderomotive  force  of  a  two-frequency  laser  pulse 
resonantly  drives  a  large  amplitude  (Ees=3  GV/m) 
relativistic  electrostatic  plasma  wave.  The  electro-static 
(es)  wave  does  not  couple  to  the  vacuum  modes  and  its 
energy  is  dissipated  in  the  plasma.  With  a  static  magnetic 
field  BqZ  applied  perpendicularly  to  the  laser  beam 
propagation  axis  x,  the  two-frequency  laser  pulse  couples 
to  the  L  branch  of  the  XO  mode  of  the  magnetized  plasma 
through  Cerenkov  radiation.  The  electromagnetic 
component  (em)  of  the  XO  mode  couples  to  the  vacuum 
mode.  The  plasma  wave  is  not  affected  by  the  transverse 
magnetic  field,  and  measuring  the  characteristic'  of  the 
emitted  radiation  thus  provides  an  in-situ  diagnostic  for 
the  beat-wave-excited  accelerating  structure  (amplitude, 
phase,  and  damping  for  example).  Additionally,  the 
mechanism  of  interest  is  a  possible  source  for  a  gigawatt 
terahertz  radiation  source. 

1  INTRODUCTION 

In  the  last  decade  plasmas  have  entered  two  fields 
traditionally  reserved  to  vacuum  devices:  the  microwave 
sources  and  the  electron  accelerators.  Self  modulated  laser 
wakefield  (SM-LWFA)  experiments  have  demonstrated 
accelerating  fields  larger  than  100  GV/m,  resulting  in 
acceleration  of  electrons  by  up  to  100  MeV  in  a 
millimeter  [1],  Laser  driven  plasma  beat  wave  acceleration 
(PBWA)  experiments  have  shown  accelerating  fields  up  to 
3  GV/m,  resulting  in  acceleration  of  electrons  by 
30  MeV  over  a  1  cm  length  [2].  Using  laser  created, 
relativistically-propagating  ionization  fronts  in  a  plasma 
frequency  up-shifting  of  microwaves  from  35  GHz 
continuously  to  170  GHz  has  been  demonstrated  [3]. 
Direct  conversion  of  the  static  electric  field  of  an  array  of 
alternatively  biased  capacitors  using  the  same  ionization 
front  has  produced  continuously  tunable  short  pulses  of 
radiation  between  6  and  93  GHz  [4],  Recently  a  new 
scheme  taking  advantage  of  the  large  electric  field  produced 
in  the  PBWA  experiment  has  been  proposed  for  generating 
mega-  to  gigawatts  of  THz  radiation  by  applying  a  static 
magnetic  field  perpendicularly  to  the  laser  beam  path.  [5] 
The  radiation  is  generated  by  coupling  of  the  two- 
frequency  laser  pulse  to  the  left  branch  of  the  extraordinary 
mode  of  the  magnetized  plasma  through  Cherenkov 
radiation.  This  scheme  can  be  either  used  as  a  THz 
radiation  source,  or  as  a  diagnostic  for  the  PBWA 
experiment  itself. 
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2  CHERENKOV  RADIATION  FROM  A 
MAGNETIZED  PLASMA 

First  consider  a  two-frequency  laser  pulse  exciting  a 
plasma  wave  to  a  large  amplitude  in  an  unmagnetized 
plasma.  In  the  dispersion  or  (a>,k)  diagram  the  excitation 
is  represented  by  the  intersection  between  the  laser  pulse 
line  co=kvgl,  where  vg,=(  1  - coI22/(Dp2)mc  is  the  laser  pulse 
group  velocity  in  the  plasma,  and  the  es  plasma  wave 
eigenmode  of  the  cold  plasma  at  (0=(Qpc.  At  this 
intersection  point  the  phase  velocity  of  the  plasma  wave 
is  c  but  its  group  velocity  is  zero.  The  energy  deposited  in 
this  mode  by  the  laser  pulse  does  not  propagate  outside  of 
the  plasma  and  is  finally  dissipated  in  the  form  of  plasma 
heating.  The  plasma  wave  is  at  cut-off  in  the  plasma  and 
only  a  small  volume  around  the  plasma  surface  about  one 
skin  depth  deep  is  expected  to  radiate  in  vacuum.  Note  that 
the  laser  pulse  line  never  intersects  with  the 
electromagnetic  (em)  eigenmode  of  the  plasma 
{af=cop2+k?c2). 


magnetized  plasma  (ke(x,y)). 

Applying  a  static  magnetic  field  B0  modifies  the  nature 
of  the  plasma  eigenmodes.  In  particular  when  B0  is 
perpendicular  (i.)  to  the  laser  beam  path  (B0=B,£,  see 
Fig.  1)  and  for  k±B0  (k=kx)  and  E±B„  (E  the  wave 
electric  field),  the  dispersion  relation  is: 

c2k 2  co2  (O2 —co2 

c  *  1  P‘  ft  fi\ 

2  1  2  2  2  \A/ 

CO  CO  CO  -co H 

where  £2ce=eB/mc  is  the  electron  cyclotron  frequency, 
coH=( cop2+Qcl2),n  is  the  upper  hybrid  frequency.  The 
eigenmodes  of  the  plasma  are  the  left  (L)  and  right  (R) 
branch  of  the  extraordinary  or  XO-mode  (see  Fig.  2)  and 
have  cut-off  frequencies  at  coRL=[±Qce+(Qc2+4cope2)]1/2 
respectively.  These  two  branches  have  two  components  to 
their  electric  field;  an  em  component  Eem-Ecmy,  and  an  es 
component  Ees-E‘sx.  Their  amplitude  ratio  is  obtained 
from  the  dielectric  tensor  for  the  magnetized  plasma: 
Eem/Ees=Qc/cope.  Waves  with  co<coL  or  coH<  co<  coR  are 
evanescent  in  the  plasma.  The  laser  pulse  line  intersects 
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with  the  L-XO  branch  of  the  magnetized  plasma. 
Physically  the  ponderomotive  force  of  the  laser  pulses 
pushes  the  electrons  along  the  x  axis  creating  Ees,  they 
rotate  around  the  B0  lines  in  the  (x,y)  plane  and  generate 
Eem.  Note  that  the  dispersion  relation  of  eq.  (1)  remains 
valid  for  any  k  in  the  (x,y)  plane.  Figure  2  shows  that 
the  laser  pulse  can  couple  to  the  L-XO  mode  through 
Cherenkov  radiation  at  any  angle  0CR<9O°,  where  the 
velocity  of  the  disturbance  (the  laser  pulse)  v  L=c  is  larger 
than  the  phase  velocity  of  the  L-XO  mode.  Note  that  this 
corresponds  to  Cherenkov  radiation  from  photon  bunches 
rather  than  from  particles.  The  Cherenkov  condition 
cos9CR=l/jig/i((o)  where  Pgl=vg/c,  vgl=c(l-(op2/coI22)l/2=c, 
and  n(co)=ck/a>  is  given  by  eq.  1.  Since  the  plasma  is 
dispersive  different  frequencies  are  emitted  at  different 
angles.  However,  Fig.  2  shows  that  the  group  velocity  of 
the  L-XO  mode  decreases  with  increasing  0CR  while  the 
emitted  frequency  increases  from  cope  to  coH.  Cherenkov 
radiation  is  thus  emitted  essentially  in  the  forward 
direction  (9CR=0)  at  copc  since  a  significant  group  velocity 
is  necessary  for  the  radiation  to  exit  the  plasma. 

(D 


Figure  2:  Dispersion  relation  for  the  magnetized  plasma 
with  kJJB0,  EJJB0 ,  and  k  in  the  (pc,y  )  plane  (see  Fig.  1). 
The  dashedregion  are  evanescent  regions.  The  Cherenkov 
condition  is  show  by  the  dots  at  the  two  angles. 

For  k  in  the  fox  )  plane,  the  dispersion  relation  can  be 
rewritten  as  a  function  of  dCR  [6],  but  the  major 
conclusions  remain  the  same  as  for  k  in  the  (x,y  )  plane: 
the  Cherenkov  radiation  is  emitted  essentially  in  the 
forward  direction  (0c/i=O)  at  (Ope.  Figure  3  shows  the 
frequency  of  the  Cherenkov  emitted  as  a  function  of  the 
Cherenkov  angle  for  the  two  cases  k  in  the  (x,y  )  plane 
and  k  in  the  (z,x  )  plane. 

The  dispersion  relation  (eq.  1)  indicates  that  at  9CR=  0 
the  index  of  refraction  for  the  L-XO  nL.x0  mode  is  equal  to 
one.  In  the  case  of  a  step  function  boundary  between  the 
plasma  with  density  ne  and  vacuum,  the  EM  component 
of  the  L-XO  mode  couples  to  vacuum  with  a  transmission 
coefficient  equal  to  1  (from  n^^pl  to  nvac=l)  and  thus 
Evac'm=Em.  The  es  component  of  the  L-XO  mode  is 
confined  to  the  plasma.  The  power  density  radiated  in 
vacuum  is  thus  given  by  the  Poynting  vector: 
S=e0( Qc/a>pe)2( Ps)2c/2.  In  the  case  of  a  continuous 
plasma/vacuum  boundary,  both  (oH  and  mR  decrease  with 
the  plasma  density,  and  the  forward  wave  at  the  bulk 
plasma  frequency  OLe  has  to  cross  the  evanescent  region 
shown  on  Fig.  2.  For  the  case  of  a  linear  plasma  density 


variation  over  the  boundary  an  analytic  expression  for  the 
attenuation  coefficient  can  be  derived.^]  The  electric  field 
is  attenuated  by  a  factor  =3  by  a  linear  decrease  of  the 
plasma  density  over  three  plasma  wavelengths.  In  practice 
the  attenuation  can  be  minimized  by  abruptly  terminating 
the  plasma  by,  for  example,  using  a  gas  jet,  or  by 
bringing  the  magnetic  field  to  zero  over  the  smallest 
possible  distance.  In  the  forward  direction  the  group 
velocity  of  the  L-XO  mode  is  given  by  vg_xo=(C2c/cope)2c. 
Once  depositedin  the  plasma  by  the  laser  pulse  the  energy 
will  convect  out  of  the  plasma  for  a  time  given  by  the 
minimum  between  the  transit  time  for  the  energy  through 
the  plasma  of  length  Lp:  (L/vgL.X0),  and  the  life  time  of 
the  plasma  wave.  This  determines  the  pulse-length  of  the 
radiation  emitted  in  vacuum. 


0Cherenkov 

Figure  3:  Frequency  of  the  Cherenkov  radiation 
(normalizedto  a>pe)  as  a  function  of  the  Cherenkov  angle 
&CR  in  the  case  where  k  is  in  the  (x,y  )  plane  (solid  line), 
and  k  is  in  the  (z,x  )  plane  (dashed  line),  for  E1B0  and 
Qc/copt=0.6a.nd  coH~1.17. 

All  of  the  analytical  results  described  above  have  been 
verified  by  2-D  particle  in  cell  (PIC)  simulations.  These 
simulations  also  show  that  the  excitation  of  the  plasma 
wave  by  the  laser  pulse  is  not  degraded  over  the 
unmagnetized  case  for  B0  up  to  values  corresponding  to 
Qc/COpr~0.S.  For  larger  values  of  B0  the  ratio  of  Eem/Ees 
becomes  smaller  than  the  analytical  value  of  Qc/o)pe. 

3  THE  PBWA  EXPERIMENT 

In  the  Neptune  laboratory  PBWA  experiment  [7]  a  high 
power  (=100  J  in  =100  ps  or  =1  TW),  two-frequency 
C02  laser  pulse  (to,,  co2  corresponding  to  Xj= 10.592  pm 
and  ^2=10. 296  pm)  is  focusedby  an  off-axis  parabola  in  a 
cell  containing  a  static  fill  of  gas  (H2  or  D2)  or  metallic 
vapor  (Li,  Na,  or  Cs).  The  spot  size  of  the  focused  “flat- 
topped”  beam  w0  (radius  at  1/e  for  the  fields)  at  best  focus 
is  280  pm  (1.4  times  diffraction  limited)  with  an  effective 
Rayleigh  range  zR=2iwJXn= 2.4  cm  where  X12  is  the 
average  of  X,  and  X2.  The  laser  intensity  is  large  enough 
to  strip  each  atom  of  the  gas/vapor  from  its  first  electron 
through  field  ionization.  The  gas/vapor  pressure  is 
adjusted  so  that  the  electron  plasma  frequency 
a>pe=(i%e2/£0ml,)l/2  (ne  is  the  plasma  density  =1016  cm'3)  is 
exactly  equal  to  the  frequency  differencebetween  the  two 
laser  frequencies:  to  =£02-g>7.  The  ponderomotive  force 
associated  with  the  beat  envelope  of  the  two-frequency 
laser  pulse  resonantly  drives  a  large  amplitude  es  plasma 
wave  or  beat  wave  Sn/ne~0.3,  where  Snr  is  the  plasma 
density  perturbation,  which  corresponds  to  E's~ 3  GV/m. 
A  17  MeV  electron  bunch  from  a  rf-photo-injector  with  a 
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radius  <7, =<7,-30-50  pm  is  injected  into  the  plasma  wave 
and  is  accelerated  to  =100  MeV  and  dispersed  in  energy  by 
a  double-focusing  electron  magnetic  spectrometer.  The 
plasma  wave  characteristics  in  time,  space,  frequency,  and 
wavenumber  are  measured  by  Thomson  scattering  of  a 
532  nm  laser  pulse.  In  the  upcoming  experiment,  the  H 
gas  fill  is  be  replaced  by  a  Na  or  Cs  heat-pipe  oven.  An 
open  oven  geometry  [8]  is  chosen  to  allow  for  access  to 
the  plasma  from  the  side  for  the  different  diagnostics.  The 
Na  and  Cs  vapor  require  a  lower  laser  intensity  to  be  field 
ionize  because  their  ionization  potential  (5.1  and  3.9  eV 
respectively)  is  lower  than  that  of  H  (13.6  eV).  This 
allows  for  ionization  and  excitation  of  the  plasma  wave 
over  a  longer  length  and  increases  the  electrons  energy 
gained.  Calculations  show  that  the  energy  gain  increases 
from  55  MeV  over  about  one  zR  in  H  to  about  85  MeV 
over  about  2 zR  in  Li  [9].  Their  ion  mass  is  larger  than  that 
of  H  which  renders  the  plasma  more  robust  to  ion  motion 
and  instabilities.  A  dipole  magnet  generates  the  transverse 
static  magnetic  field  and  has  an  strength  of  around  6  kG 
(Qce<<0)pe).  The  field  B0  can  be  applied  either  over  the 
whole  length  of  the  plasma  when  the  electrons  are  not 
injected,  or  only  over  the  last  5  mm  when  the  electrons 
are  injected  in  the  plasma,  so  that  the  plasma  wave 
diagnostic  and  the  electron  acceleration  are  obtained  at  the 
same  time.  The  plasma  frequency  is  =1  THz,  and  the 
wavelength  of  the  radiation  (=300  pm)  is  about  equal  to 
the  plasma  diameter.  The  radiation  will  thus  strongly 
diffract  from  the  plasma  volume.  It  is  collected  by  a 
parabolic  mirror  and  sent  out  of  the  vacuum  box  through  a 
silicon  window  (see  Fig.  4).  The  temporal  shape  of  the 
emitted  pulse  is  monitored  using  a  Schotkky-barrier  diode. 
The  signal  amplitude  as  a  function  of  time  is  proportional 
to  the  relative  plasma  wave  amplitude  as  a  function  of 
time  (£2C'«cope),  while  its  absolute  amplitude  is 
proportional  the  accelerating  field. 

The  output  power  expected  at  1  THz  is  1  MW  for 
B0= 6  kG  (for  a  step  plasma/vacuum  boundary).  This 
scheme  can  thus  be  used  to  produce  powerful  THz 
radiation  for  remote  sensing  or  for  seeding  of  an  FEL.  In 
the  Neptune  Laboratory  experiment  neither  the  plasma 
boundary,  nor  the  magnetic  field  are  expected  to  have  a 
sharp  boundary.  Consequently  the  power  produced  in  the 
plasma  by  Cherenkov  radiation  is  expected  to  be 
considerably  attenuated  at  the  boundary.  However, 
detecting  the  emitted  radiation  will  be  diagnostically 
extremely  important  for  the  acceleration  experiment  itself. 


Alignment 


THz  radiation 


Figure  4:  Experimental  arrangement  for  the  Cherenkov 
experiment  in  the  Neptune  Laboratory.  The  THz  radiation 
propagates  in  the  forward  direction  and  is  reflected  towers 
the  diagnostics,  through  a  silicon  window. 
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4  SUMMARY 


A  static  magnetic  field  is  applied  transversely  to  the 
laser  beam  path  in  the  PBWA  experiment.  The  laser  pulse 
emits  Cherenkov  radiation  through  coupling  to  the  L 
branch  of  the  XO  mode  of  the  magnetized  plasma.  The 
radiation  is  emitted  essentially  in  the  forward  direction,  at 
the  plasma  frequency  (=1  THz).  The  radiation  parameters 
will  be  used  as  a  diagnostic  for  the  PBWA  experiment. 
Method  to  allow  for  the  high  power  THz  radiation 
generated  in  the  plasma  to  be  transmitted  through  the 
plasma/vacuum  boundary  will  also  be  investigated. 
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Abstract 

Proposal  for  investigation  of  the  possibility  to  obtain  com¬ 
pact,  effective  high  current  electron  accelerator  for  medium 
energy  range  using  plasma  wake  field  acceleration  (PWFA) 
mechanism  is  presented.  The  goal  of  proposed  investiga¬ 
tion  is  not  an  achivement  of  highest  possible  acceleration 
rate,  but  effective  increase  of  the  energy  of  high  current 
(~  kA),  low  energy  (~  2 MeV)  electron  accelerator,  due 
to  interaction  of  electron  bunches  with  plasma  wake  waves. 

1  INTRODUCTION 

Plasma  based  advanced  accelerator  concepts  have  been  de¬ 
veloped  mainly  in  order  to  obtain  high  accelerator  gradients 
for  furure  linear  colliders  in  the  TeV  energy  range.  But,  si¬ 
multaneously,  the  variety  of  the  other  possible  applications 
also  have  been  developed.  In  the  recent  review  [1]  some 
near-term  and  long-term  applications  of  plasma-based  ac¬ 
celerators  have  been  mentioned  and  discussed. 

In  the  present  work  the  project  for  investigation  of  the 
possibility  to  obtain  compact,  effective  high  current  (~ 
kA)  electron  accelerators  in  the  medium  energy  range  20- 
200  MeV,  using  plasma  wake  field  acceleration  (PWFA) 
mechanism,  is  considered.  Existing  electron  accelerators 
for  energy  20-200  MeV  have  average  accelerated  current 
not  more  than  a  few  milliamper.  So  the  problem  of  creat¬ 
ing  the  accelerating  installation  for  electrons  with  energy  of 
order  100  MeV,  with  pulse  current  ~  100A,  repetition  rate 
~  lOOi/z,  macropulse  duration  ~  lfisec  and  bunch  dura¬ 
tion  ~  0.1  nsec  is  an  actual  one. 

Up  to  now  the  ordinary  known  accelerator  technologies 
have  been  unable  to  create  the  accelerators  with  above  men¬ 
tioned  parameters.  Such  kind  of  accelerators  must  be  of 
common  use  and  can  have  wide  applications  in  material 
science,  generation  of  X-rays  and  soft  gamma  rays,  possi¬ 
ble  use  in  inceneration  of  some  radioactive  wastes[2]  and 
others[l]. 

It  seems  at  the  first  glance,  that  an  additional  acceleration, 
which  can  be  provided  by  plasma  wake  waves,  generated  by 
electron  bunches  from  high  current  (~  Ik  A)  electron  ac¬ 
celerators  with  energy  (~  1  MeV),  could  be  used  as  a  basic 
physical  concept  for  creating  compact,  effective,  economi- 
caly  reliable  accelerator  installations,  with  the  needed  range 
of  the  parameters. 

The  goal  of  the  proposed  investigation  is  not  an  achive¬ 
ment  of  highest  possible  acceleration  gradient,  but  effective 
increase  the  energy  of  high  current  (~  Ik  A),  low  energy 
(~  1  MeV)  electron  beams,  due  to  interaction  of  electron 
bunches  with  plasma  wake  waves,  generated  by  the  beams 
from  the  same  electron  accelerator.  The  goal  is  to  identify 
and  to  develop  techniques,  which  may  lead  to  more  effi¬ 


cient,  compact  and  inexpensive  high  current  particle  accel¬ 
erators  for  medium  energy  range.  Of  course  the  increase  in 
the  energy  will  at  the  same  time  reduce  subsequently  the  ac¬ 
celerated  current,  but  it  still  can  be  large  enough  (for  exam¬ 
ple,  if  initial  energy  is  1  MeV  and  initial  current  lkA,  the 
final  energy  could  be  ~  10 MeV  and  final  accelerated  cur¬ 
rent  ~  10(L4). 

The  proposed  work  has  some  theoretical  and  experimen¬ 
tal  foundations,  created  by  previous  numerous  investiga¬ 
tions  of  PWFA  (see,  for  example,  a  recent  reviews[3],  [4], 
[5]) .  Proposed  work  is  going  further  than  proof-of-principle 
experiment,  it  must  be  acomplished  by  the  creation  of  the 
pilot  installation  (or  test  facility)  and  by  the  project  of  high 
current  (~  lkA)  and  medium  energy  (~  100  MeV)  elec¬ 
tron  accelerator.  This  goal  needs  some  additional  physical 
as  well  as  technological  considerations  and  investigations, 
which  will  be  briefly  described  in  the  following  sections. 

2  PROBLEMS  OF  PHYSICAL 
CONSIDERATIONS 

Plasma  wake  wave  acceleration  (PWFA)  of  high  current 
electron  beams  posed  the  problems,  which  are  at  some  ex¬ 
tent  different  from  the  problems,  encountered  in  the  inves¬ 
tigations  of  physical  ground  of  high  energy  plasma  based 
linear  colliders.  High  luminocity  demand,  determinating 
the  main  features  of  high  energy  linear  colliders,  for  its  re¬ 
alization  needs  very  narrow  bunches,  when  the  transverse 
dimensions  of  the  bunches  are  much  smaller  than  plasma 
wave  length.  It  is  not  the  case  for  accelerated  high  cur¬ 
rent  electron  beams,  where  the  transverse  dimensions  of  the 
accelerated  beams  can  be  large  enough,  like  in  the  induc¬ 
tion  linacs,and  if  the  plasma  density  is  high,  in  order  to  ob¬ 
tain  high  acceleration  gradient,  the  transverse  dimensions 
of  the  electron  beams  can  be  of  order  or  even  larger  than 
plasma  wave  length.  The  last  case  opens  the  possibility  to 
use,  as  a  guiding  tool,  an  one-dimensional  approximation 
in  theoretical  consideration  (see  for  example  exact  results, 
presented  in  [6]).  It  means,  in  particular,  that  it  is  possi¬ 
ble  to  obtain  high  enough  accelerating  gradient  and  trans¬ 
formation  ratio,  when  driving  bunch  parameters  (charge 
density,  length,  Lorentz  factor)  are  choosen  at  such  a  way, 
that  wave  breaking  phenomenon  in  plasma  wake  wave  can 
occure[7],  [8],  But,  in  contrast  to  narrow  bunches  case, 
the  blow  out  regime  which  is  proposed  as  one  of  the  can¬ 
didates  for  nonlinear  acceleration  mechanisms  for  future 
linear  colliders[9]  is  not  realized  for  wide  bunches,  which 
will  be  used  in  considered  case.  Hence  wave  breaking  phe¬ 
nomenon  originated  by  wide  driving  bunches  must  be  the 
subject  of  more  careful  theoretical  investigations  and  for 
different  sets  of  parameters  of  plasma-  electron  bunch  sys- 
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tem  it  must  be  discovered  and  investigated  experimentaly 
too. 

Plasma  wake  wave  acceleration  mechanism  can  be  real¬ 
ized  experimentaly  by  using  different  driving  and  witness 
bunches[  10],  one  long  driving  bunch  or  sequence  of  short 
driving  bunches[ll],  one  bunch  with  nonuniform  charge 
distribution,  when  rear  part  of  bunch  is  selfaccelerated  in 
the  field,  generated  by  the  bunch  head  part[12],[13].  The 
choice  of  the  optimal  conditions  for  investigated  PWFA 
process  for  high  current  beams  is  an  another  essential  phys¬ 
ical  problem  of  the  proposed  work. 

Wide  bunches  with  nonuniform  tranverse  charge  distri¬ 
bution,  as  preliminary  nonlinear  calculations  show,  presents 
the  problem  of  transverse  nonlinear  instability,  connected 
with  plasma  wave  filamentation.  It  means  that  driving 
bunches  must  be  transversaly  uniform  at  some  extend, 
which  must  be  predicted  theoreticaly. 

There  exist,  of  course,  some  problems  which  are  com¬ 
mon  to  that  of  high  energy  plasma  based  linear  colliders, 
e.g.  the  problem  of  energy  spread  and  acceleration  effi¬ 
ciency,  stability  of  driving  and  accelerated  bunches,  value 
and  preservations  of  the  emmitance  of  accelerated  bunches, 
plasma  chamber  boundaries,  influence  on  acceleration  pro¬ 
cess  and  others. 

These  problems  have  to  be  solved  at  the  conditions  typi¬ 
cal  for  high  current  acceleration  purposes  -  i.e.  when  bunch 
transverse  dimensions  are  of  order  or  larger  than  plasma  lin¬ 
ear  wave  length. 

All  these  problems  must  be  considered  and  investigated 
theoreticaly  and  experimentaly.  For  theoretical  investiga¬ 
tion  some  approximate  methods  must  be  developed  as  well 
as  a  suitable  programms  for  effective  computer  simula¬ 
tions.  For  experimental  investigations  the  need  for  flexible 
enough  (accelerator)  test  facility,  with  high  current  and  low 
energy,  long  and  wide  enough  plasma  chamber  with  vari¬ 
able  plasma  electron  uniform  density  are  urgent. 

3  OUTLINE  OF  TEST  FACILITY 

The  test  facility  will  be  based  on  high  current  direct  action 
accelerator  fed  by  Marx  generator  and  with  photocathode. 
The  electron  energy  is  2  MeV  and  pulse  current  up  to  lkA. 
The  outline  of  experimental  installation  is  presented  on  Fig. 
1. 

The  essential  part  of  proposed  installation  is  laser  pho¬ 
ton  bunch  shaping  device,  which  allows  to  change  driving 
electron  bunch  length,  tranverse  dimensions,  bunch  charge 
value  and  distribution,  witness  bunch  delay,  charge  and  di¬ 
mensions,  and  also  allow  to  originate  a  sequence  of  driving 
bunches. 

The  fourth  harmonic  of  Nd:  YAG  laser  is  used.  Pulse 
power  for  cooper  cathode  is  2MW,  pulse  energy  by  order 
of  magnitude  is  5  •  10_4J.  taking  into  account  the  losses, 
caused  by  harmonics  transformation,  the  laser  must  have 
pulse  power  ~  10 MW  and  pulse  energy  ~  lmj.  On  pro¬ 
posed  installation  it  will  be  possible  to  investigate  different 
mechanisms  of  plasma  wake  wave  acceleration  and  find  out 
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Figure  1: 


the  optimal  one  for  high  current  wide  electron  beams. 

Plasma  chamber  will  be  constructed  using  the  experience 
gained  at  YerPhI  during  the  last  years,  when  different  kind 
of  plasma  chambers  have  been  constructed,  tested  and  used 
in  experiments.  The  plasma  chamber  will  be  lmlong,20cm 
in  diameter,  with  plasma  density  varied  in  interval  1010  — 
1013cm-3. 

The  main  parameters  of  proposed  test  facility  are  given 
in  Table  1. 


Table  1 


Initial  energy  of  electrons 
Energy  of  accelerated  electrons 
Driving  bunch  current 
Accelerated  electrons  current 
Electron  bunch  length 
Electron  bunch  diameter 
Distance  between  bunches 
Driving  bunch  density 
Plasma  electron  density 
Plasma  chamber  length 
Plasma  chamber  diameter 
Laser  pulse  power 
Laser  wave  length 
Laser  repetition  rate 


1.5-2.0MeV 
~  10  MeV 
lkA 

up  to  100A 

>  3 cm 

>  1.0cm 

>  3cm 

2  •  1010  —  2  •  10ncm~3 
1010  -  1013cm-3 
100cm 
20cm 

>  108fF 

0.266 pm 
l-10Hz 


4  CONCLUSION 

The  proposed  work  pursued  the  following  goals: 

1 .  Theoretical  investigation  on  PWFA  mechanisms  for 
high  current  wide  electron  bunches,  taking  into  ac¬ 
count  wave  breacking  phenomenon,  driving  bunch 
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longitudinal  and  transverse  dynamics  and  stability,  fo¬ 
cusing,  emmitance  preservations,  energy  spread,  beam 
loading  and  others. 

2.  Construction  and  operation  of  the  test  facility. 

3.  Experimental  investigation  of  PWFA  mechanisms  for 
high  current  wide  electron  bunches  and  determina¬ 
tion  of  the  optimal  conditions  for  high  current  electron 
beams  acceleration. 

4.  Research,  development  and  preparation  of  the  project 
of  high  current  electron  accelerator,  based  on  plasma 
wake  field  acceleration  mechanism,  with  accelerated 
electron  energy  lOOMeV  and  pulse  current  100A. 

The  described  proposal  will  be  presented  for  grant  to  In¬ 
ternational  Science  and  Technology  Center  (ISTC)  as  a  con¬ 
tinuation  of  Project  A-013  ISTC,  which  is  realizing  now  at 
YerPhl. 
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AMPLIFICATION  OF  EXTERNAL  EM-WAVE  BY  NONLINEAR  WAKE 

WAVES  IN  COLD  PLASMA 

A.Ts.  Amatuni,YERPHI,  Yerevan,  Armenia 


Abstract 

The  interaction  of  external  monochromatic,  linearly  polar¬ 
ized,  plane  electromagnetic  (EM)  wave  with  the  nonlinear 
one-dimensional  wake- wave,  generated  by  relativistic  elec¬ 
tron  bunch,  moving  in  cold  plasma,  is  considered.  At  defi¬ 
nite  conditions  on  parameters  of  plasma  and  electron  bunch, 
nonlinear  plasma  electron  density  wake  wave  has  a  pro¬ 
nounced  spikes,  where  density  value  is  nearing  the  wave 
breacking  limit  and  plasma  electron  velocities,  being  di¬ 
rected  along  the  bunch  velocity  reach,  their  maximum.  Pre¬ 
sented  calculations  exhibit,  that  external  EM-wave,  propa¬ 
gating  through  plasma  at  such  a  conditions  normal  to  the 
bunch  velocity  direction  and  with  polarization  along  the 
bunch  velocity  can  be  amplified  inside  the  spikes.  EM- 
wave,  Thomson  scattered  on  the  spikes,  is  also  amplified. 
Amplification  factors  are  obtained  for  the  both  cases  at  dif¬ 
ferent  conditions  for  system  plasma-electron  bunch  -  exter¬ 
nal  EM  -  wave  parameters. 

It  is  shown  that  amplification  factor  can  be  larger,  espe- 
cialy  at  the  resonance  condition,  when  frequency  of  exter¬ 
nal  field  is  nearing  to  plasma  frequency  at  spikes. 

Presented  results  are  obtained  using  perturbative  ap¬ 
proach,  when  dimensionless  extemnal  EM-wave  amplitude 
is  used  as  a  small  parameter;  the  known  exact  nonlin¬ 
ear  one-dimensional  solution,  obtained  previously  for  cold 
plasma-relativistic  electron  bunch  system,  is  taken  as  a  zero 
order  approximation. 

Considered  amplification  process  can  serve  as  a  physical 
ground  for  research  and  development  of  powerful  klystron 
type  amplifiers  for  future  linear  colliders. 

1  INTRODUCTION 

The  problem  of  interaction  of  external  electromagnetic 
wave  (EM  -  wave)  with  electrons,  moving  in  plasma,  and 
plasma  wake  waves,  generated  by  moving  electrons  or  elec¬ 
tron  bunches,  have  been  a  subject  of  numerous  investiga¬ 
tions  (see  for  example[l]  and  referencies  therein). 

The  goal  of  the  presented  investigation  is  to  find  out 
the  possibility  and  conditions,  when  EM  wave  inside  the 
plasma  with  the  frequency  of  external  EM  -  wave  and 
Thomson  scattered  EM  -  wave  can  be  amplified,  as  com¬ 
pared  to  the  external  EM  -  wave.  It  is  shown,  that  if  the 
nonlinear  plasma  wake  waves  spikes,  generated  by  rela¬ 
tivistic  rigid  electron  bunch,  are  taken  into  account  as  an 
active  media,  where  interaction  processes  take  place,  the 
significant  field  amplification  can  be  achived.  Wake  wave 
spikes  are  occure,  when  nonlinear  waves  in  plasma  are  near¬ 
ing  wave  breaking  limit,  described  for  free  plasma  waves 
in[2]  -  [4]  and  at  some  details  considered  in[5]  -  [6]  for 
relativistic  driving  bunches  and  underdense  and  overdense 


plasmas.  In[5]  -  [6],  in  particular,  the  connection  between 
wave  breaking  limits  on  plasma  electron  density  and  veloc¬ 
ities  and  bunch  electron  parameters  are  obtained. 

Wave  breaking  has  followed  so  called  ’’blowout”  regime, 
introduced  in[7]  for  PWFA  process.  In  the  frame  of  laser 
-  plasma  based  acceleration,  wave  breaking  regime  is  used 
for  generation  high  current  relativistic  electron  beams[8]. 
In  both  cases[7]  -  [8]  the  unique  features  of  the  nonlinear 
plasma  wake  waves  near  wave  breacking  limit  are  used  for 
particle  acceleration  purposes.  Results  of  present  work  in¬ 
dicate  the  possible  application  of  plasma  wake  wave  break¬ 
ing  regime  for  amplification  EM  -  wave,  serving  as  a  physi¬ 
cal  ground  for  research  and  development  on  powerful  EM  - 
wave  generators  and  amplifiers  for  future  colliders  and  ac¬ 
celerators  with  a  high  acceleration  gradient. 


2  BASIC  EQUATIONS  AND  OUTLINE 
OF  THE  FORMALISM 


The  flat  rigid  electron  bunch,  moving  in  cold  plasma  with 
immobile  ions  along  z  -  direction  with  velocity  i;0  in  lab 
system,  is  considered.  Longitudinal  length  of  the  bunch  is 
d,  transverse  directions  of  the  bunch  are  taken  infinite  and 
problem  in  zero  approximation  (in  absence  of  external  EM  - 
wave)  is  treated  as  one  dimensional.  This  approach  is  valid 
for  wide  enough  bunches,  when  bunch  radius  r0  —[9], 

2 

where  uip  is  plasma  frequency  oj2  =  — 7r-^-° ,  n0  is  plasma 
electron  density  at  equilibrium. 

This  condition  could  be  replaced  at  some  sence  more  ad¬ 
justable  one,  if  external  constant  longitudinal  magnetic  field 
Ho  is  applied  to  the  system.  Then  one  dimensionality  con¬ 
ditions  could  be  ro  >•  vl  ,  fit  >  wp,  where  and  are 
subsequently  the  Larmour  radius  and  frequency  for  plasma 
electrons. 

The  considered  cold  plasma  -  relativistic  electron  bunch 
system  is  interacting  with  the  external  monochromatic,  lin¬ 
early  polarized  electromagnetic  (EM)  wave,  propagating 
through  plasma  in  x  -  direction  and  with  electric  vector  di¬ 
rected  along  z  -  axis  (p  -polarization).  The  external  EM- 
wave  inside  the  plasma  is  described  by: 


SqzG 


-iwot+ikox 


Hy  =  -VeSoze~iwot+ikoX , 

,  /~w° 

*o  =  \A — , 

c 

where  e  is  a  dielectric  constant  for  plasma: 

*  =  e  +  =  i -£  +  i&aL- 


w0 


Ve  =  n  +  iV,n=  -±=(e'  +  (e’2  +  e"2)1'2)1/2, 


(1) 

(2) 
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to 2  =  Vejj  _  effective  colissions  frequency  of 

plasma  electron,  n(°)(z)  -  plasma  electron  density  in  wake 
waves  in  the  absence  of  external  EM-wave,  vej /  <C  < 
wo-  It  is  assumed  that  plasma  column  has  a  thickness  along 
the  EM-  wave  propagation  direction  (Ox-axis)  equal  dx, 
which  is  smaller  than  coressponding  skin  depth  in  plasma. 

The  considered  problem  consists  in  finding  out  the  com¬ 
ponent  of  EM-field  with  frequency  w0  inside  and  outside 
the  plasma,  induced  by  the  field  (1)  after  interaction  with 
plasma  electrons,  perturbed  by  rigid  relativistic  electron 
bunch,  moving  in  plasma.  The  back  influence  of  plasma 
wake  wave  on  the  bunch,  considered  in[10],  as  well  as  in¬ 
teraction  of  the  bunch  electrons  with  external  EM-wave  ( 1 ) 
are  disregarded,  according  to  the  assumption  that  bunch  is 
relativistic. 

The  considered  system  cold  plasma-rigid  relativistic 
electron  bunch-  external  EM-wave  is  described  by  the  hy- 
drodinamic  equation  for  the  motion  of  plasma  electrons  in 
external  € ,  H)  and  internal  (E,  H)  electromagnetic  fields 
and  Maxwell  equations  for  the  EM-fields  generated  by 
bunch  and  plasma  electrons. 

The  dimensionless  amplitude  of  the  external  EM-wave 
(1)  a  =  eSa/mcLJo  assumed  to  be  small  «<1  and  external 
EM-  wave  considered  as  perturbation. 

In  zero  order  approximation  (a  =  0)  the  system 

plasma-electron  bunch  in  steady  state  regime  described  by 
known  nonlinear,  exact,  one  dimensional  solution,  obtained 
in[5],[6].  In  particular  the  plasma  electron  density  n^\z) 
in  dimensionless  variables  is  given[6]  by: 


,(0)  _  nw(z)  _  Po  _ 
B(,)  ”  n°  Po~P?\z) 

A>(1  +  40)2)1/2 
a»(i + p(°)2y'2  -  p{°\s)’ 


(3) 


where  Po  =  v0/c,f3^  =  ^  =  p°/(l  +  pi°)2)1/2,pi0)  = 
Pze  -  is  the  plasma  electron  momentum  in  z-direction, 
z  =  z  —  Pot.  Inside  the  electron  bunch  pz°\z)  is  always 
negative;  behind  the  bunch  in  wake  waves  pi°\z)  is  pe¬ 
riodic  and  could  be  positive.  At  some  places,  z  — ►  zm 
of  wake  wave  0  <  Pi°\z)  ->  Pmax  <  po  tends  to  it’s 
maximum  value  pmax  =  Pm  and  n^°\z  — *  zm)  could 
be  large  enough,  nearing  wave  breacking  limit.  The  values 
of  pm  are  fixed  by  plasma  and  electron  bunch  parameters 
n0,  nj,  d,  70  =  (1  —  /?o)-1/,2  and  could  be  estimated,  using 
analytic  results  of  work[6]. 

Equations  for  first  order  approximation  (~  a)  constitute 
a  set  of  quasilinear  equations,  with  coeficients  known  from 
zero  order  approximation  and  depending  only  on  z.  This 
last  feature  of  the  set  permit  to  search  a  solution  in  the  form 


(P  =  p(^(z)e-iUoi+iUx 


etc., 


(4) 


which  reduces  the  set  of  quasilinear  differential  equation  in 
partial  derivatives  to  the  set  of  quasilinear  ordinary  differ¬ 
ential  equations.  It  is  still  complicated  enough  and  in  order 
to  find  an  analytic  solution  in  what  follows  the  region  of  z 
near  to  zrn  is  considered. 

In  this  region,  approximately[6] 


:  Pm  ~ 


(*-  Zmf  = 

^m(jhn~~  1) 


(5) 


2/?o(1  +  /&)3/2 


(z  -  Zm) 


where  nm ,  pm  are  the  plasma  electron  density  and  momenta 
at  wake  wave  spike  region  (6)  at  z  =  zm .  Supposing  also 
that  quantities  1 — Pi  =  4r ,  1 — p"L  =  4-  are  small  enough 
it  is  possible  essentialy  simplify  the  obtained  set  of  equa¬ 
tions  and  then  reduce  it  to  one  first  order  equation  for  p[\\ 
particular  solution  of  which  in  the  region  (6)  is  not  difficult 
to  obtain. 


3  ESTIMATES  FOR  AMPLIFICATION 
FACTORS 

From  approximate  expression  for  p[l0\  obtained  by  above 
mentioned  way,  it  is  possible  to  estimate  the  amplitudes  of 
internal  electric  field  0 
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nmwP 

PmU  0 


nmuP 
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+  2nmu)p 
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the  field  amplification  factors 
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The  plasma  current  density,  generated  by  external  EM- 
wave  in  considered  system,  in  the  first  approximation  is 
given  by 


=  ™(0)/?io\  jlo}  =  rc(0)/^o)  +  r41)/?l0)  (10> 


and  it  can  be  shown  that  at  the  condition  (8) 


io} 


2 i_ 


f  'R'mUp  \ 
\PmU0  ) 


2 


-2  i 


(  nmbJp  \ 2  c 

\PmUoJ 

(11) 


May  be,  more  elaborate  perturbative  approach,  for  exam¬ 
ple,  based  on  multiple  scales  method,  could  provide  the 
possibility  to  go  further  in  directions,  outlined  in  the  present 
work. 

In  order  to  find  out  the  optimal  geometry  for  experimen¬ 
tal  deffection  of  the  predicted  EM  -  wave  amplification,  it 
is  necessary  to  consider  also  different  directions  of  propa¬ 
gation  and  different  polarisations  of  external  EM  -  wave. 
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where  is  radiated  energy  flux  in  unit  solid  angle 
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W0  >  Veff 


(14) 


and  corresponding  increase  of  Kx  and  Kradx  from  (9,  12) 
can  be  easily  noticed.  Resonance  increase  due  to  factors 
(14)  for  Kx ,  Kradx  can  take  place  independently  from  con¬ 
ditions  (8). 


4  CONCLUSION 

The  obtained  analytical  results  demonstrate  that  at  certain 
conditions  on  cold  plasma  -  relativistic  electron  driving 
bunch  -  external  EM  wave  parameters  (8),  essentially  large 
amplifications  are  existed  of  electric  field  inside  the  plasma 
(9,14)  as  well  as  of  intensity  of  Thomson  scattered  on 
plasma  spikes  EM-wave  (13,14).  Presented  results  could  be 
used  in  research  and  development  of  powerful  klystron  type 
amplifiers  and  generators  of  high  frequency  EM  -  waves  for 
future  linear  colliders. 

The  presented  estimates  have  at  some  extent  qualita¬ 
tive  character  and  must  be  complemented  by  more  quan- 
tative  calculations,  presumably  by  computer  simulations. 
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Abstract 

The  effect  of  nonlinearity  on  plasma  wake  wave  excited 
by  a  relativistic  cylindrical  charged  bunch  is 
investigated.  It  is  shown  that  owing  to  the  nonlinearity 
the  amplitude  of  wake  wave  gets  modulated  in  the 
longitudinal  direction.  The  nonlinear  wavelength  in  the 
excited  field  changes  in  the  transverse  direction  with  the 
result  that  the  phase  front  is  distored  and  a  turbulence 
developed.  The  nonlinear  phase  front  distortion  may  be 
compensated  by  radial  change  of  unperturbed  plasma 
density. 

1  INTRODUCTION 

The  plasma-based  accelerator  concepts  are  presently 
actively  developed  both  theoretically  and 
experimentally.  This  is  due  to  the  ability  of  plasma  to 
support  large  acceleration  rates  that  will  reach  tens  of 
GeV/m,  far  in  excess  of  those  attained  in  conventional 
accelerators.  Charged  bunches  can  be  accelerated  and 
focused  by  the  field  of  relativistic  plasma  waves  that  are 
excited  by  relativistic  charged  bunches  (Plasma 
Wakefield  Accelerator  (PWFA)).  Both  the  linear 
Wakefield  and  ID  nonlinear  theories  have  been  studied 
in  sufficient  detail  (see  e.  g.  overview  in  Ref.  [1]).  The 
allowance  for  finite  transverse  sizes  of  the  drivers  (that  is 
more  realistic  case)  and,  accordingly,  the  transverse 
motion  of  plasma  electrons  complicate  the  treatment  of 
the  problem  in  the  nonlinear  regime.  In  the  general  case 
the  analytical  solution  of  this  regime  seems  impossible 
and  the  use  of  numerical  methods  are  usually  required. 
Here  we  study  the  effect  of  nonlinearity  on  two- 
dimensional  plasma  wake  waves  as  well  as  discuss  the 
cause  of  radial  steepening  of  the  field  shown  in  Ref.  [2]. 

2  BASIC  EQUATIONS 

We  shall  consider  nonlinear  steady  fields  excited  in 
plasma  by  a  rigid  cylindrical  electron  bunch  in  the 
framework  of  cold  hydrodynamics  with  immobile  ions. 
Let  the  bunch  travel  in  Z  direction  at  the  velocity  v0 
close  to  that  of  light,  and  the  distribution  of  charge  in  the 
bunch  do  not  depend  on  the  azimuthal  angle  9. 
Equations  for  non-zero  components  of  plasma  electrons 
momentum  and  electromagnetic  field  that  describe  the 
nonlinear  wake-fields  are  (see  also  Refs.  [2,3]): 


'Work  supported  by  the  International  Science  and  Technology  Center 
*  Email:  khachatr@moon.yerphi.am 


pdpzl d  z-dyjd  z-pEz  =  0,  (l) 

Pdpr/d  Z-dye/dr-p2Er  =  0,  (2) 

-dHe'd  Z  +  pdEr/d  z  +  prNe  =  0,  (3) 

V±He  +  PdEz/d  Z  +  pzNe  +  Poc  =  0,  (4) 

pdHel d  Z-dErl d  Z+dEz/ d  r  =  0,  (5) 

Ne  =  NP(r)-a-V1Er-dEz/d  z.  (6) 

As  usual,  Eqs.  (1)  and  (2)  were  derived  taking  into 
account  that  the  curl  of  the  generalized  momentum  is 
zero,  /?H-rofP=0,  or  in  our  case 

p2He  +  dPz/d  r-dpr/d  Z  =  0.  (7) 

Also  we  allow  for  radial  variations  of  unperturbed 
plasma  density.  In  Eqs.  ( 1 )— (6)  y~(  1  +P/+P/)m  is  a 
relativistic  factor,  P^-PJy  and  N=njnp(0)  are 
respectively  dimensionless  components  of  velocity  and 
density  of  plasma  electrons,  np{r)  is  the  unperturbed 
density  of  plasma  electrons,  N=np(r)/np(0), 
a-nb(z,r)/np(0),  nb  is  the  concentration  of  bunch 
electrons,  P=v/c,  Vx=9/3r+l/r.  The  space  variables  are 
normalized  to  \p(r=0)/2n^  l/kp(r=0),  z=kp(n=0)(Z—v0t), 
where  Xp  and  kp  are  the  linear  wavelength  and 
wavenumber.  The  momenta  and  velocities  are 
normalized  respectively  to  mec  and  the  velocity  of  light 
and  the  strengths  of  electric  and  magnetic  fields  -  to  the 
nonrelativistic  wave-breaking  field  at  the  axis 
EWB(r=0)=mrcop,(r=0)vJe  (E,JV/Cm]=0.96xn/'2[cm-3]), 
cop=(4mpe2lmJm  is  the  electron  plasma  frequency,  me 
and  e  are  the  rest  mass  and  absolute  value  of  electron 
charge.  The  field  of  forces  acting  on  relativistic  electrons 
in  the  excited  field  is  F (~eE:,  e(Hg-E),  0). 

3  THE  CASE  OF  WIDE  BUNCH 

Consider  the  case  of  wide  bunch  (kprb»  1,  where  rb  is  the 
bunch  radius)  when  the  transverse  components  of  an 
exciting  field  are  small  and  the  longitudinal  components 
close  to  the  bunch  axis  are  approximately  equal  to  those 
predicted  by  one-dimensional  nonlinear  theory.  Here  one 
can  apply  the  perturbation  method  taking  the  ID 
nonlinear  mode  as  the  ground  state.  So,  for  wide  bunches 
in  uniform  plasma  [AI  (r)=l]  we  shall  seek  the  solution  of 
Eqs.  (l)-(6)  in  the  vicinity  of  bunch  axis  in  the  form: 
P~P0+pzr\  P-pf,  E~E0+l /,  E~lrr,  H&=hr,  cc=a-8r, 
where  P0(z)  and  E0(z)  are  the  values  of  longitudinal 
momentum  and  the  strength  of  electric  field  at  the  axis, 
ptr(z),  Ljiz),  h(z),  <5(z)«l.  In  the  zero  approximation  in 
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this  values  one  can  obtain  the  equations  for  P0  and  E0 
that  describe  the  ID  nonlinear  regime  that  is  studied 
sufficiently  well  [4],  In  the  first  approximation  in  the 
small  values  we  have: 

d2  pj  d  z2-  Ad  pj  dz  +  Bpz  =  pN0f>,  (8) 

where  A=(dp/dz)2NJp,  B=(NJp)(PN2/y03-c?PJdz),  ft, 
N0  and  y0  are  respectively  dimensionless  velocity,  density 
and  the  relativistic  factor  of  plasma  electrons  in  ID 
nonlinear  regime.  The  remaining  quantities  can  be 
expressed  through  pz.  In  Fig.  1  we  show  the  focusing 
gradient  f/r=(Hg-Er)/t=-2pJN0,  that  is  excited  by  d= 4.7 
long  wide  bunch  with  density  a0= 0.2. 


Figure  1 :  The  gradient  of  dimensionless  focusing  field  as 
a  function  of  longitudinal  coordinate.  The  bunch  is  d= 4.7 
long,  and  a, =0.2,  <5=0.2a„,  y=(l-p2)  'n=lO. 

It  was  shown  numerically  based  on  Eq.  (8)  that 
although  the  amplitude  of  excited  transverse  components 
is  small,  their  wavelength  is  nearly  equal  to  that  of  one¬ 
dimensional  nonlinear  wave.  The  amplitude  of 
oscillations  periodically  changes  with  z  (see  Fig.  1).  The 
modulation  depth  grows  and  the  modulation  period 
decreases  as  the  amplitude  of  nonlinear  longitudinal 
oscillations  increases.  These  effects  take  place  also  for 
other  components  of  the  field. 

4  WAKEFIELD  IN  UNIFORM  PLASMA 

Eqs.  ( 1 )— (6)  were  solved  numerically  choosing  the 
Gaussian  profile  of  the  bunch  both  in  longitudinal  and 
transverse  directions: 

a  =  a0exp[-(£-zo)2/  <7j]exp(-r2/  a2)-  (9) 
In  case  of  small  amplitudes  of  the  excited  wake  wave 
(when  a0«  1)  the  numerical  solutions  well  agreed  with 
linear  theory  predictions.  Shown  in  Fig.  2  is  the 
nonlinear  2D  plasma  wake  wave  excited  in  uniform 
plasma  by  the  relativistic  electron  bunch  with  parameters 
cc0= 0.4,  <7=2,  <7=5  (for  example,  in  this  case 

nM=4xl0ncm'3  and  the  characteristic  longitudinal  and 
transverse  sizes  of  the  bunch  ojk  respectively  are 
1.06mm  and  2.65mm  when  ^=10  cm'3).  The  main 
difference  here  from  the  linear  case  is  the  change  of 
shape  and  length  of  the  wave  with  the  radial  coordinate 
r,  as  well  as  the  change  of  amplitude  in  the  longitudinal 


Figure  2:  The  two-dimensional  nonlinear  wake  wave  in 
uniform  plasma.  The  parameters  of  the  bunch  are: 
a0= 0.4,  o=2,  o=5,  j*=10.  (a).  The  longitudinal  electric 
field.  1 — r=0;  2-r=4;  3-r=6;  4-the  density  of  bunch  at 
the  axis  a(z,  r= 0).  The  focusing  field  f=Hg-Er  (b)  and 
magnetic  field  strength  (c).  1— r=2;  2-r=4;  3-r=6. 

direction.  Note  also  an  enlargement  of  the  range  of 
focusing  forces  (fr< 0)  in  the  nonlinear  wake  wave. 

It  is  easy  to  see  that  due  to  the  dependence  of  the 
wavelength  on  r,  the  field  in  the  radial  direction  grows 
more  chaotic  as  the  distance  from  the  bunch  increases.  In 
fact,  the  oscillations  of  plasma  for  different  r  are 
“started”  in  the  wake  wave  with  nearly  equal  phases  but 
different  wavelengths.  As  Izl  increases,  the  change  of 
phase  in  the  transverse  direction  (for  fixed  z)  becomes 
more  and  more  marked.  This  leads  to  a  curving  of  the 
phase  front  and  to  “oscillations”  in  the  transverse 
direction.  Curve  1  in  Fig.  3  shows  the  radial  behavior  of 
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the  accelerating  field  E.  in  the  nonlinear  wake  wave. 
Qualitatively,  the  radial  dependence  of  the  field  differs 
from  that  of  the  linear  case  by  the  change  of  sign  and 
“steepening”  of  fields  along  r  (see  also  Ref.  [2]).  One 
can  determine  the  longitudinal  space  parameter 
characterizing  the  wave  front  curving  as  follows: 

%  =  Xp/  [2(1  -Xpl  A(0))],  (10) 

where  A (r)  is  the  nonlinear  wavelength.  At  the  distance 
IAzl=£  from  the  bunch  the  oscillation  phase  at  the  axis 
(r=0)  is  opposite  to  that  on  the  periphery  (r><rr)  where 
the  wave  is  nearly  linear. 


Figure  3:  The  radial  behavior  of  accelerating  electric 
field  strength  E,.  l-£.(z=-25,  r)  in  the  nonlinear  wake 
wave  excited  in  uniform  plasma  for  the  case  given  in 
Fig.2  (IAzl=|  [see  Eq.  (10)]);  2-E,(z=-25,  r)  in 
nonuniform  plasma  for  the  case  given  in  Fig.  4. 

The  magnetic  field  strength  in  the  nonlinear  two- 
dimensional  wake  wave  as  shown  in  Fig.  2(c)  is  different 
from  zero  (note  that  in  the  linear  case  Hg=0  in  the  wake, 
where  the  wave  is  potential)  due  to  the  fact  that  the 
velocities  of  plasma  electrons  in  the  wave  are  not  any 
more  small  in  comparison  with  the  bunch  velocity.  The 
magnitude  of  higher  frequency  oscillations  (as  compared 
to  the  plasma  frequency)  performed  by  the  magnetic 
field  along  z  grows  in  proportion  to  the  nonlinearity. 
Such  a  behavior  of  magnetic  field  is  a  purely  nonlinear 
effect.  The  nonlinearity  of  the  wave  implies  a  rise  of 
higher  harmonics  in  P,  and  Pr.  According  to  (7),  the  rise 
of  magnetic  field  is  due  to  these  harmonics  and  this 
accounts  for  frequent  oscillations  seen  in  Fig.  2(c).  On 
the  other  hand,  according  to  (7),  the  non-zero  magnetic 
field  in  the  wake  means  that  the  motion  of  plasma 
electrons  in  the  nonlinear  wave  is  turbulent  (rotP^Q). 
The  degree  of  turbulence  (the  measure  of  which  is  Hg ) 
grows  as  the  nonlinearity. 

From  the  viewpoint  of  acceleration  and  focusing  of 
charged  bunches  in  the  wave,  the  curvature  of  the 
nonlinear  wave  front  is  undesired  as  the  quality 
(emittance,  monochromaticity)  of  the  driven  bunch 
worsens.  Below  we  show  that  in  radially-nonuniform 
plasma  one  can  avoid  the  curvature  of  the  wave  front. 


5  RADIALLY-NONUNIFORM  PLASMA 

Thus,  in  two-dimensional  nonlinear  regime  the  nonlinear 
wavelength  changes  with  r  due  to  nonlinear  increase  of 
the  wavelength  with  wave  amplitude.  On  the  other  hand, 
the  linear  wavelength  \~npm  decreases  with  density  of 
plasma.  Let  us  assume  that  the  nonlinear  wavelength  of 
the  two-dimensional  wake  wave  in  the  uniform  plasma 
A(r)  is  known.  Then,  one  can  roughly  compensate  for 
the  radial  variation  of  the  nonlinear  wavelength  by 
changing  the  unperturbed  density  of  plasma  in  the  radial 
direction  according  to  the  relation 

A(0)  /  A(r)  =  A„(r)  /  A„(0)  =  [np(0)/n p(r)f\  (i  q 

If  we  put  the  function  A (r)  to  be  Gaussian  (according  to 
numerical  data  for  profiles  (9),  this  is  approximately  the 
case  at  least  for  r<crr),  then  one  can  take  the  transverse 
profile  of  the  unperturbed  plasma  density  to  be  also 
Gaussian:  tip(r)=  np0  exp(-r  !op).  It  follows  from  Eq.  (1 1) 
that  in  this  case  crj=/7[ln(A(0)/A(r))]1'2.  For  example,  the 
numerical  data  for  A (r)  in  the  nonlinear  wave  shown  in 
Fig.  2  give  <7p=l  1.  Fig.  4  illustrates  the  validity  of  this 
assertion  (see  also  Fig.  3,  curve  2). 

Numerical  solutions  obtained  for  the  case  of  nonlinear 
wake  wave  excitation  by  a  short  laser  pulse  (Laser 
Wakefield  Accelerator,  see  e.  g.  Ref.  [1])  show  that  the 
results  given  in  this  work  do  not  change  qualitatively. 


Figure  4:  Accelerating  electric  field  of  two-dimensional 
nonlinear  wake  wave  in  nonuniform  plasma  with  cr=l  1 
for  r=0,  2,  4  and  5  in  the  order  of  magnitude  reduction. 
The  bunch  parameters  are  the  same  as  those  in  Fig.  2. 
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Abstract 

The  electron  beam  generated  in  a  self-modulated  laser 
wakefield  accelerator  is  characterized.  It  was  observed  to 
have  a  multi-component  beam  profile  and  its  energy  distri¬ 
bution  undergoes  discrete  transitions  as  the  laser  power  or 
plasma  density  is  varied.  In  addition,  dark  spots  that  form 
regular  modes  were  observed  in  the  electron  beam  profile. 

1  INTRODUCTION 

Acceleration  of  electrons  by  an  electron  plasma  wave  has 
been  of  great  current  interest  because  of  its  much  larger  ac¬ 
celeration  gradient  than  that  of  conventional  rf  linacs  [1]. 
Several  methods  have  been  proposed  for  driving  a  large- 
amplitude  fast-phase- velocity  plasma  wave  [1].  In  the 
Laser  Wake-Field  Accelerator  (LWFA),  an  electron  plasma 
wave  is  driven  resonantly  by  a  short  laser  pulse  through 
longitudinal  laser  ponderomotive  force  [2].  In  the  Self- 
Modulated  Laser  Wake-Field  Accelerator  (SMLWFA),  an 
electron  plasma  wave  is  excited  by  a  relatively  long  laser 
pulse  undergoing  stimulated  Raman  forward  scattering  in¬ 
stability  [3,  4,  5].  The  injection  of  electrons  can  oc¬ 
cur  by  trapping  of  hot  background  electrons,  which  are 
preheated  by  other  processes  such  as  Raman  backscatter- 
ing  and  sidescattering  instabilities  [6,  7,  8],  or  by  wave¬ 
breaking  (longitudinal  [1]  or  transverse  [9]).  It  can  also  be 
achieved  by  specific  injection  schemes  [10,  1 1]  in  order  to 
control  the  characteristics  of  the  generated  electron  beam. 

Several  groups  have  observed  the  generation  of  MeV 
electrons  from  the  SMLWFA  [7,  8,  12,  13,  14,  15].  In 
this  experiment,  the  electron  beam  produced  from  a  self- 
modulated  laser  wakefield  accelerator  injected  with  self¬ 
trapping  of  electrons  was  characterized  in  detail.  The 
observations  of  up-to-three-component  electron-beam  pro¬ 
files  and  up-to-two  discrete  changes  in  the  slope  of  electron 
energy  distribution  are  reported.  In  addition,  dark  spots  that 
form  regular  modes  were  observed  in  the  first  beam-profile 
component.  These  new  observations  provide  us  important 
new  clues  to  the  underlying  dynamics  of  electron  accelera¬ 
tion  in  a  three-dimensional  (3-D)  plasma  wave. 

2  EXPERIMENTAL  SETUP 

The  experiment  was  done  by  using  a  Ti:sapphire/Nd:glass 
laser  system  that  produced  400-fs-duration  laser  pulses  at 
1 .053-/xm  wavelength  with  a  maximum  peak  power  of  4 
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TW.  The  50-mm-diameter  laser  beam  was  focused  with  an 
f/3.3  parabolic  mirror  onto  the  front  edge  of  a  supersonic 
helium  gas  jet.  The  focal  spot  in  vacuum  was  a  7-/zm- 
FWHM  near-Gaussian  spot,  which  contained  60%  of  the 
total  pulse  energy,  and  a  large  dim  spot  (100  /x m  FWHM). 
The  helium  gas  was  fully  ionized  by  the  foot  of  the  laser 
pulse.  At  a  laser  power  of  >  2  TW  and  a  plasma  density 
of  >  2xl019  cm-3,  the  laser  pulse  underwent  relativistic- 
ponderomotive  self-channeling  [13,16],  and  the  laser  chan¬ 
nel  of  <  10- ^xm  diameter  extended  to  be  750  /urn  in  length, 
the  length  of  the  gas  jet.  An  electron  plasma  wave  was 
excited  by  the  laser  pulse  through  stimulated  Raman  for¬ 
ward  scattering  instability,  as  was  evident  from  the  ob¬ 
servation  of  Raman  satellites  in  the  transmitted  light  [7], 
An  electron  beam  was  produced,  when  the  laser  power  or 
gas  density  exceeded  a  certain  threshold,  and  propagated 
in  the  direction  of  the  laser  beam.  The  spatially-averaged 
time-resolved  plasma-wave  amplitude  was  measured  us¬ 
ing  collinear  collective  Thomson  scattering  [17].  The  peak 
plasma-wave  amplitude  was  observed  to  increase  with  in¬ 
crease  of  laser  power  or  plasma  density,  and  the  maximum 
observed  was  about  30%  density  perturbation. 


Figure  1 :  Total  number  of  electrons  with  energies  >60  keV 
in  the  generated  electron  beam  as  a  function  of  laser  power 
at  3.7  x  1019-cm-3  plasma  density. 

The  electron  energy  spectrum  in  the  low  energy  range 
(<  8  MeV)  was  measured  using  a  dipole  permanent  magnet 
with  a  LANEX  scintillating  screen  imaged  by  a  CCD  cam¬ 
era  as  the  detector.  Higher-energy  electron  energy  spec¬ 
tra  were  obtained  by  using  dipole  electro-magnets  and  a 
multi-wire  proportional  chamber  (MWPC).  The  electron- 
beam  spatial  profile  at  16  cm  away  from  the  gas  jet  was 
measured  using  a  LANEX  scintillating  screen  imaged  by  a 
CCD  camera.  Because  of  the  aluminum  foil  in  front  of  the 
LANEX,  which  was  used  for  blocking  the  laser  light,  only 
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electrons  with  kinetic  energies  higher  than  100  keV  were 
imaged.  Since  the  source  size  of  the  generated  electron 
beam  was  small,  ~  10  pm  in  diameter,  the  electron  beam 
profile  on  the  LANEX  was  actually  a  measurement  of  the 
angular  pattern.  The  total  number  of  electrons  in  the  beam 
was  measured  either  by  using  a  Faraday  cup  to  directly  col¬ 
lect  the  entire  electron  beam  or  by  using  a  collimator  and  a 
calibrated  scintillator-PMT  (photomultiplier  tube). 

3  RESULT  AND  DISCUSSION 

3.1  Number  of  Electrons 

Figure  1  shows  the  total  number  of  electrons  in  the  beam 
as  a  function  of  laser  power  at  a  fixed  plasma  density  [7]. 
Below  a  threshold,  no  electron  is  observed.  When  the  laser 
power  exceeds  this  threshold,  the  number  of  electrons  in¬ 
creases  exponentially  with  increase  of  laser  power,  and  then 
gradually  saturates.  The  variation  of  the  number  of  elec¬ 
trons  with  change  of  plasma  density  shows  the  same  be¬ 
havior.  The  threshold  of  the  electron  production  is  believed 
to  be  associated  with  the  electron  trapping  threshold. 

3.2  Transverse  Beam  Profile 


power  is  higher  than  2  TW.  Figure  2  shows  the  lineouts 
of  the  electron  beam  profiles  for  various  laser  powers  at 
2.3  x  1019-cm-3  plasma  density.  Basically,  the  divergence 
angle  of  the  second  beam  component  increases  and  that 
of  the  third  beam  component  decreases  with  increase  of 
laser  power,  while  the  divergence  angle  of  the  first  beam 
component  is  roughly  invariant  (20°  —  25°).  The  multiple- 
component  electron  beam  profile  is  believed  to  result  from 
the  transverse  electric  field  of  the  plasma  wave. 


Figure  3:  Images  of  the  transverse  electron  beam  profiles 
at  various  laser  powers  and  plasma  densities:  (a)  1.1  TW, 
3.4  x  1019  cm-3,  (b)  3.5  TW,  6.2  x  1019  cm”3,  and  (c)  2.0 
TW,  2.3  x  1019  cm"3. 

The  appearance  of  the  second  beam  component  was  ob¬ 
served  to  coincide  with  the  sudden  extension  of  the  plasma- 
wave  channel  (which  is  determined  by  the  laser  chan¬ 
nel)  caused  by  laser  self-guiding.  In  addition,  when  the 
second  beam  component  appears,  there  are  usually  some 
holes  appearing  in  the  first  beam  component,  as  shown  in 
Fig.  3.  These  holes  form  regular  patterns  that  are  simi¬ 
lar  to  TM12,  TM22  and  TM32  electromagnetic  modes  in 
a  circular  waveguide,  or  to  (1,0),  (1,1)  and  (1,2)  Hermite- 
Gaussian  modes  of  a  laser  beam.  Furthermore,  under  the 
highest  laser  power  and  plasma  density  in  this  experiment, 
a  density  depression  at  the  center  of  the  accelerated  elec¬ 
tron  beam  was  observed  occasionally,  as  shown  in  Fig.  4. 
The  dark  modes  appearing  in  the  electron  beam  profile  may 
be  caused  by  the  excitation  of  electron  plasma  waves  with 
higher-order  modes  or  with  density  depressions. 

3.3  Electron  Energy  Spectrum 


Figure  2:  Lineouts  of  the  electron  beam  profiles  for  various 
laser  powers  at  2.3  x  1019-cm-3  plasma  density:  (a)  0.6 
TW,  (b)  1 . 1  TW,  (c)  2.0  TW,  and  (d)  2.9  TW. 

The  electron  beam  profile  (angular  pattern)  was  ob¬ 
served  to  contain  several  concentric  Gaussian-like-profile 
beams,  and  the  number  of  beam  components  depends  on 
laser  power  and  plasma  density.  For  a  plasma  density  of 
2.3— 6.2  x  1019  cm-3,  only  one  beam  component  (~  20° 
FWHM)  exists  in  the  electron  beam  at  0.6-TW  laser  power. 
At  a  laser  power  larger  than  1  TW,  a  second  beam  compo¬ 
nent  grows  up  on  top  of  the  first  beam  component,  with  a 
divergence  angle  of  5°  — 10°  FWHM.  For  2.3— 3.4  x  1019- 
cm-3  plasma  density,  a  third  beam  component  with  a  di¬ 
vergence  angle  of  1°  —  3°  FWHM  appears  when  the  laser 


Figure  4:  Image  and  vertical  lineout  of  the  transverse  elec¬ 
tron  beam  profile  at  3.5-TW  laser  power  and  6.2  x  1019- 
cm~3  plasma  density. 


Figure  5  shows  the  normalized  electron  energy  spectra  in 
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the  low  energy  range  for  various  laser  powers  and  plasma 
densities.  The  spectra  were  found  to  have  Maxwellian-like 
distributions,  i.e.,  exp(-a7),  where  7  is  the  relativistic  fac¬ 
tor  of  electron  energy.  The  slope,  a,  of  the  spectrum  was 
found  to  change  discretely  with  variation  of  laser  power 
and  plasma  density.  For  instance,  at  a  fixed  plasma  density, 
the  slope  remains  the  same  with  increasing  laser  power  un¬ 
til  a  certain  threshold  is  reached.  Then  the  slope  a  changes 
to  a  lower  value,  and  stays  the  same  with  further  increase  of 
laser  power  until  the  next  jump.  The  same  behavior  occurs 
for  varying  plasma  density  at  a  fixed  laser  power.  Three 
a  values  were  observed  in  this  experiment:  1.0,  0.6  and 
0.3.  The  occurrence  of  the  first  jump  coincides  with  the 
extension  of  the  laser  channel  from  <  400  fi m  to  750  /im; 
however,  when  the  second  jump  occurs,  there  is  no  change 
in  the  laser  channel  length.  The  slopes  of  the  electron  en¬ 
ergy  spectra  in  the  low  energy  range  were  found  to  be  the 
same  for  these  three  beam  components.  The  transition  of 
the  slope  may  be  related  to  the  ratio  between  the  plasma- 
wave  channel  length  and  the  electron  detuning  length. 


Figure  5:  Electron  energy  spectra  for  various  laser  powers 
and  plasma  densities:  (a)  2.6  TW,  3.4  x  1019  cm-3,  (b)  2.9 
TW,  3.5  x  1019  cm~3,  (c)  3.3  TW,  4.8  x  1019  cm"3,  (d) 
3.9  TW,  4.8  x  1019  cm-3,  (e)  1.7  TW,  6.2  x  1019  cm"3, 
(f)  2.7  TW,  6.2  x  1019  cm“3,  and  (g)  3.5  TW,  6.2  x  1019 
cm-3. 

Another  important  observation  in  this  experiment  is  a 
two-temperature  distribution  in  the  electron  energy  spec¬ 
trum.  As  shown  in  Fig.  6,  which  was  obtained  using  both 
the  low-energy  and  high-energy  electron  spectrometers,  the 
slope  of  electron  energy  distribution  in  the  low  energy 
range  (<  5  MeV)  is  steep,  while  the  slope  in  the  high  en¬ 
ergy  range  is  much  less  steep  (almost  flat).  The  two-slope 
electron  energy  spectrum  is  believed  to  be  a  result  of  elec¬ 
tron  motion  inside  and  outside  the  separatrix. 

3.4  Other  Parameters 

The  temporal  duration  of  the  electron  pulse  should  be 
roughly  equal  to  that  of  the  plasma  wave,  ~  2  ps  [17],  since 
the  former  is  generated  from  the  latter.  The  separation  be- 


Figure  6:  Electron  energy  spectrum  for  3-TW  laser  power 
and  3  x  1019-cm-3  plasma  density.  The  solid  lines  repre¬ 
sent  exponential  fits. 

tween  adjacent  micro  bunches  is  equal  to  the  plasma-wave 
period,  which  is  18  fs  for  a  plasma  density  of  3.4  x  1019 
cm-3.  The  duration  of  a  micro  bunch  should  be  less  than 
that.  Therefore,  the  maximum  peak  current  is  estimated 
to  be  about  1  kA  or  higher.  The  transverse  cross  section 
of  the  electron  source  should  be  roughly  equal  to  the  cross 
section  of  the  plasma  wave,  which  roughly  equals  that  of 
the  laser  beam,  ~  10  fm 1.  In  the  best  cases,  the  angular 
divergence  of  the  electron  beam  was  measured  to  be  ~  1°, 
which  leads  to  a  normalized  transverse  emittance  of  0.06 
7r-mm-mrad  for  2  MeV  electrons. 
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Abstract 


The  attractiveness  of  variational  principle  approaches  for 
obtaining  good  approximations  to  complicated  problems 
is  well  established.  Motivated  by  this  fact,  we  have 
developed  a  variational  principle  approach  to  the 
evolution  of  short-pulse  laser-plasma  accelerator  drivers. 
We  start  with  an  action  of  the  form  dT  a  «  k0  a  where 
the  Euler-Lagrange  equations  of  L,  the  Lagrangian 
density,  give  the  well  established  coupled  equations  of 
short-pulse  interactions,  in  the  weakly  relativistic 
regime: 


(Vi  -2 
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3y/9r 


-  2ik0 


(!-*)« 


+  D*  = 
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We  substitute  appropriate  trial  functions  for  a  and  <|>  into 
S  and  carry  out  the  Jdxx  integration.  The  Euler-Lagrange 
equations  of  the  reduced  Lagrangian  density  provide 
coupled  equations  for  the  trial  function  parameters,  i.e., 
spot  sizes,  amplitude,  phase,  radius  of  curvature  and 
centroids  for  both  a  and  <|>.  We  present  an  analysis  in 
the  paraxial  regime,  where  the  d^dT  a  term  is  neglected. 


1  MOTIVATION 

Understanding  the  evolution  of  short-pulse  high- 
intensity  lasers  as  they  propagate  through  underdense 
plasmas  is  essential  for  the  successful  development  of 
some  plasma  accelerator  [1]  and  radiation  schemes  [2]. 
Research  during  the  past  few  years  has  resulted  in  the 
identification  of  numerous  instabilities  such  as  envelope 
self-modulation  [3],  where  the  spot  size  of  the  laser 
becomes  unstable,  and  hosing  [4,  5],  where  the  centroid 
of  the  laser  becomes  unstable.  To  study  these 
instabilities,  it  is  desirable  to  obtain  differential 
equations  for  the  evolution  of  the  macroscopic  quantities 
that  characterize  the  beam  profile,  such  as  the  spot  size, 
amplitude,  phase,  radius  of  curvature  and  centroid. 
There  are  various  methods  of  obtaining  such  equations, 
which  include  the  variational  method,  as  well  as  moment 
methods  [6,  7],  and  the  Source  Dependent  Expansion 
technique  [8].  Here,  we  use  a  variational  approach 


similar  to  that  used  by  Anderson  and  Bonnedal  in  their 
study  of  self-focusing  [9],  and  extend  the  variational 
technique  to  a  coupled  set  of  equations  so  as  to  include 
Raman  related  instabilities. 

We  start  with  the  two  coupled  equations  for  the 
density  perturbation  and  normalized  vector  potential, 
valid  in  the  weakly  relativistic  regime,  |a|2«l: 

(— - c2V2)5  —  Ak  c  J j_  =  —co2  — a 

dt2  "o r 

2  *  M2  - 

=  -to2  (1  +  Sn  -  Li—)  a 
p  2 


+  co2)Sn  =  c2V2 


where  dn  =  (n-n0)/n0.  Then,  we  normalizing  all  time 
dimensions  to  cop ',  space  dimensions  to  kp''  s  c/cop,  and 
make  a  coordinate  transformation  to  the  normalized  light 
frame  variables  (if/  =  t  -  z,  t  s  z).  Upon  making  the 
substitution  a  -»  a  exp[Ik0i^],  switching  to  the  potential 
<j>  =  6n  -|a|2/4,  making  the  envelope  approximation 
dTa«k0«,  noting  that  a  is  unidirectional  and  describable 
by  a  single  scalar,  and  dropping  derivatives  of  |a|2  as 
slow,  we  arrive  at  the  well  known  set  of  equations: 

:\2  3 

(yl  -  2^-— r - 2ik0  = 


lal2 


2  THE  VARIATIONAL  APPROACH 

Our  approach  to  the  analysis  of  these  equations  is  to 
first  obtain  a  Lagrangian  density  for  the  coupled 
equations.  Then,  we  choose  trial  functions  for  a  and  (j) 
which  contain  descriptive  parameters  that  depend  upon 
(\|/,  t).  We  substitute  these  trial  functions  into  the  action, 
and  perform  the  integration  across  the  transverse 
coordinates  to  obtain  a  reduced  Lagrangian  density.  In 
this  reduced  form  of  the  action  integral,  the  parameters 
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of  the  trial  function  represent  a  new  set  of  dependent 
variables.  In  essence,  by  choosing  an  approximate  form 
for  the  transverse  beam  profile,  we  replace  the  infinite 
degrees  of  freedom  in  the  transverse  directions  with  a 
finite  number  which  represent  the  macroscopic 
characteristics  of  the  distribution.  Then,  varying  the 
action  with  respect  to  the  new  dependent  variables  yields 
a  set  of  differential  equations  for  the  trial  parameters. 

We  now  carry  out  this  procedure.  We  start  by  noting 
that  the  Lagrangian  density  for  this  set  of  equations  is: 
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where  the  corresponding  action  is  S  =  \  dx±dy/  dt  L . 

It  can  be  readily  verified  that  our  starting  equations  are 
the  result  of  varying  the  action  with  respect  to  a,  a\  and 
<p.  We  choose  the  following  trial  functions  for 
a ,  and  0 : 

a  =  A  (i/f,  t)  g'MV'.T >?« 


Varying  the  action  with  respect  to  x>  a*>  and  K 

yields  the  equations: 

S  x  :  3TP  =  0  (Power  Conservation), 
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We  can  use  these  equations  to  eliminate^,  ax,  ay,  kx,  and 
ky  from  the  Lagrangian  since  x  is  an  ignorable 
coordinate,  and  the  other  equations  are  generated  by 
variations  of  the  action  with  respect  to  the  same 
variables  being  solved  for.  Eliminating  these  variables 
yields  the  following  simplified  form  of  the  Lagrangian: 


where xa  =  x-xa (if/, t),  ya  =  y  -  ya (V, *)> 
xq  =  x  —  xq  (iff,  t),  y#  =  y-  y#  (y/,T) ,  and  the 
amplitude  A  is  a  complex  amplitude  such  that 
A  (yr,  t)  =  ^(yr,  r)  e‘  Inserting  these  trial 

functions  into  the  action  and  performing  the  Jdxj. 
integration  yields  the  following  reduced  action  principle: 
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In  this  form,  P  is  treated  explicitly  as  a  constant. 

Variation  of  this  Lagrangian  with  respect  to  the 
remaining  parameters  yields  the  desired  set  of 
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differential  equations  for  their  evolution.  These 
equations  can  then  be  used  to  study  the  stability  of  the 
beam  profile. 


3  SYMMETRIC  ENVELOPE  SELF 
MODULATION  AND  SELF-FOCUSING 


To  demonstrate  the  utility  of  this  approach,  we  now 
look  at  the  specific  case  of  the  symmetric  envelope  self 
modulation  instability  [3].  Here,  we  are  only  interested 
in  the  evolution  of  the  spot  sizes,  with  the  x  and  y 
dimensions  identical,  i.e.  wM  =  wya  =  wa,  wx^  =  wy^  = 
w^.  Making  these  replacements,  setting  the  centroids  to 
0,  and  then  varying  the  resulting  action  with  respect  to 
the  remaining  parameters  -  <t>,  wa,  w^  -  yields: 
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If  we  reduce  these  equations  to  the  limit  of  no  <]/ 
dependence,  we  obtain  the  self-focusing  equations: 
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From  which  we  obtain  the  well  known  critical  threshold 
for  self-focusing,  P/P^,  =  a„2wa2/32  [9,  10].  For  P  =  Pml, 
we  have  a  matched,  stationary  beam  profile,  i.e.,  wa  is  a 
constant. 

We  now  examine  the  stability  of  this  equilibrium 
solution.  Linearizing  the  equations  using  a  matched 
beam  as  the  O'"  order  solution  yields: 
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The  first  two  of  these  equations  show  that  <!>,  and  wal 
behave  as  coupled  harmonic  oscillators,  which 
resonantly  drive  each  other,  and  result  in  an  envelope 
self-modulation  instability. 

A  more  general  stability  analysis  can  be  done  in 
which  the  centroids  are  allowed  to  evolve,  and  the  spot 
sizes  are  allowed  to  be  different  in  the  x  and  y  directions. 
This  more  general  analysis  results  in  2  more  instabilities: 
a  hosing  instability  [4,  5,  11],  wherein  the  centroids  for  a 
and  0  resonantly  drive  each  other,  and  an  anti-symmetric 
envelope  self  modulation  instability,  wherein  the 
linearized  spot  size  variables  in  the  x  and  y  directions, 
for  both  a  and  <p,  are  equal  and  opposite  (as  opposed  to 
the  symmetric  case  previously  analyzed,  where  the  x  and 
y  spot  sizes  are  identically  equal).  A  comprehensive 
analysis  of  these  instabilities  has  been  performed,  and 
will  be  described  in  future  work. 


4  SUMMARY 

We  have  developed  a  variational  principle  approach 
for  studying  the  evolution  of  short-pulse  laser-plasma 
accelerator  drivers.  The  approach  is  shown  to  reproduce 
previous  results,  e.g.,  relativistic  self-focusing  and  spot 
size  self-modulation.  It  is  also  useful  for  describing 
instabilities  such  as  asymmetric  self-focusing, 
asymmetric  spot  size  self-modulation,  as  well  as  new 
long-wavelength  regimes  for  hosing  and  spot-size  self¬ 
modulation.  We  are  currently  extending  the  analysis  to 
fully  non-linear  driver  amplitudes. 
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Abstract 

Advances  in  computational  speed  and  memory  make  it 
now  possible  to  do  full  scale  2D  and  3D  PIC  simulations 
of  laser  and  beam  plasma  interactions.  However,  the 
increased  complexity  of  these  codes  and  interactions  make 
it  necessary  to  apply  modem  programming  approaches 
like  object  oriented  frameworks  to  the  development  of 
these  codes.  We  report  here  on  our  progress  in  developing 
the  object  oriented  parallel  PIC  code  OSIRIS  that  is 
implemented  in  Fortran  90.  In  its  current  state,  the  code 
can  be  used  for  ID,  2D,  and  3D  simulations  in  Cartesian 
coordinates  and  for  2D  simulations  in  cylindrically 
symmetric  coordinates.  We  will  present  benchmarks  of 
simulations  done  with  this  code  for  a  proposed  plasma 
wake  field  accelerator  experiment  [1,2]. 

1  INTRODUCTION 

The  introduction  of  massively  parallel  computers  with 
hundreds  of  processors  provides  now  the  computational 
speed  and  the  memory  needed  to  do  full  scale  2D  and  3D 
simulation  of  plasma  based  accelerators  and  other 
problems  in  laser-plasma  and  beam-plasma  physics.  In 
order  to  take  full  advantage  of  the  possibilities  of  this 
development  it  has  become  necessary  to  use  more 
complex  simulation  codes.  The  increased  complexity  of 
codes  arises  for  two  reasons.  One  reason  is  that  the 
realistic  simulation  of  a  problem  requires  a  larger  number 
of  more  complex  algorithms  interacting  with  each  other 
than  the  simulation  of  a  rather  simple  model  system.  An 
example  would  be  that  initializing  an  arbitrary  laser  or 
plasma  beam  in  3D  is  a  much  more  difficult  problem  than 
doing  the  same  in  ID  or  2D.  The  other  reason  that 
simulation  codes  are  becoming  more  complex  is  that  the 
computer  systems  are  more  complex  and  the  performance 
obtained  from  them  can  dramatically  differ  depending  on 
the  code  strategy.  Parallelized  codes  that  have  to  handle  the 
problems  of  parallel  communication  and  parallel  IO  are  an 
example  of  this.  A  way  to  deal  with  this  increased 
complexity  is  to  use  an  object  oriented  programming 
style,  which  divides  the  code  and  data  structures  into 
independent  classes  of  objects.  This  programming  style 
maximizes  code  reusability  and  reliability. 

2  DESCRIPTION  OF  THE  CODE  AND 
CODE  DEVELOPMENT 

The  goal  of  the  code  development  program  was  to  create  a 
code  that  breaks  up  the  large  problem  of  a  simulation  into 
a  set  of  essentially  independent  smaller  problems  that  can 


be  solved  separately  from  each  other.  Object  oriented 
programming  achieves  this  by  handling  different  aspects 
of  the  problem  in  different  modules  (classes)  that 
communicate  through  well-defined  interfaces.  The 
programming  language  we  chose  for  this  purpose  was 
Fortran  90,  mainly  because  it  allow  us  to  more  easily 
integrate  already  available  Fortran  algorithms  into  the  new 
OSIRIS-framework.  In  its  current  state,  the  code  contains 
algorithms  for  ID,  2D,  and  3D  simulations  in  Cartesian 
coordinates  and  for  2D  simulations  in  cylindrically 
symmetric  coordinates.  For  all  of  these  algorithms  the 
code  is  fully  relativistic  and  presently  uses  a  charge- 
conserving  current  deposition  algorithm.  It  allows  for  a 
moving  simulation  window  and  arbitrary  domain 
decomposition  for  any  number  of  dimensions. 
Benchmarking  of  the  code  has  so  far  shown  a  slowdown  of 
less  than  15%  compared  to  other  codes  using  similar 
algorithms  due  to  the  additional  overhead  that  is  a  side 
effect  of  the  object  oriented  implementation. 


Figure  1  shows  the  class  hierarchy  of  OSIRIS.  The  main 
physical  objects  used  are  particle  objects,  electromagnetic 
field  objects,  and  source  field  objects  (for  currents  and 
densities).  The  particle  object  is  an  aggregate  of  an 
arbitrary  number  of  particle  species  objects.  The  most 
important  support  classes  are  the  variable-dimensionality- 
field  class,  which  is  used  by  the  electromagnetic  and 
source  field  class  and  encapsulates  many  aspects  of  the 
dimensionality  of  a  simulation,  and  the  domain- 
decomposition  class,  which  handles  all  communication 
between  nodes.  For  easy  portability  of  the  code  to  different 
architectures  all  code  that  is  machine  dependent  is 
encapsulated  in  the  system-,  the  file-system-,  and  the 
utility-module. 


physical  classes 
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Figure  1 :  The  class  hierarchy  of  OSIRIS 

The  code  was  first  developed  for  ID  and  2D  simulations  in 
Cartesian  coordinates,  which  took  about  a  year  of  time. 
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After  this  fundamental  work  was  completed,  extending  the 
code  to  2D  cylindrically  symmetric  coordinates  took  about 
four  weeks  and  implementation  of  3D  simulations  took 
about  a  week.  This  short  time  required  for  the  extension  to 
cylindrically  symmetric  2D  and  3D  simulations  was 
possible  because  the  object-oriented  style  of  the  code 
allowed  for  two  specific  features.  First,  most  of  the  code 
does  not  make  any  explicit  use  of  the  dimensionality  or 
the  coordinate  system.  Secondly,  all  communication 
between  the  physical  domains  assigned  to  the  different 
nodes  of  a  parallel  computer  is  handled  as  a  part  of  the 
boundary  conditions  of  the  physical  domains  assigned  to 
each  node.  This  handling  of  node-to-node  communication 
allows  it  to  consider  almost  all  algorithms  as  single-node 
algorithms.  Once  a  single  node-algorithm  is  implemented 
in  OSIRIS,  it  is  automatically  already  parallelized  since  it 
can  take  advantage  of  the  already  existing  boundary 
conditions. 


shows  the  flattening  of  the  accelerating  field  Ez  close  to 
the  axis,  characteristic  of  the  blowout  regime. 


Figure  3:  Charge  density  plot  of  the  beam  at  three 
different  propagation  distances.  The  betatron  oscillations 
are  clearly  visible. 

The  blowout  should  also  lead  to  betatron  oscillations  of 
the  middle  and  tail  part  of  the  beam  with  a  wavelength 
given  by 


Figure  2:  Ez  lineout  as  a  function  of  r  at  a  position  of 
5.2mm  from  the  back  of  the  simulation  box  (see  figure  4) 
after  a  beam  propagation  of  lm 


It 
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3  SIMULATION  RESULTS 

We  have  benchmarked  the  2D  cylindrical  algorithms  of 
OSIRIS  against  previously  performed  simulations  (3]  of  a 
plasma  wakefield  accelerator.  In  this  model  problem  a  30 
GeV  electron  bunch  of  4xl010  electrons  with  Gaussian 
profiles  (az=0.6mm,a=75pm)  and  an  emittance  of  eN  = 
15  Jt  mm  mrad  will  propagate  through  lm  of  an 
underdense  plasma  with  a  density  of  n=2.1xl014cm'3.  The 
simulation  of  the  problem  was  done  on  a  500x200  grid 
with  9  particles  per  cell  for  the  background  plasma  and  25 
particles  per  cells  for  the  beam.  The  simulation  area, 
which  moved  with  the  beam  because  of  the  moving 
window,  had  an  extension  along  the  axis  of  25  c/cop  and  a 
radial  extension  of  10  c/cop.  At  the  density  of  2.1xl014cm'3 
this  is  9.2mm  x  3.7mm.  This  grid  lead  to  a  grid  cell  size 
of  0.05c/a)px0.05c/oop  and  therefore  a  time  step  of 
0.02oop_l  was  chosen.  The  simulation  was  done  on  10 
nodes  of  a  Cray  T3E  and  took  about  2  1/2  days  of 
turnaround  time  for  the  136000  required  time  steps.  By 
comparison,  another  code  used  before  for  similar 
simulations  took  about  19  days  to  finish  the  task[4]. 

Since  the  plasma  density  is  less  than  the  beam  density  a 
total  blowout  of  the  plasma  electrons  in  the  wake  of  the 
electron  bunch,  creating  a  positively  charged  ion  column, 
is  expected.  The  simulation  results  clearly  support  this. 
Figure  2  shows  a  lineout  of  Ez  as  a  function  of  r.  The  plot 


Figure  3  shows  a  charge  density  plot  of  the  beam  at 
different  times.  The  upper  and  middle  plot  are  the 
minimum  and  maximum  of  the  oscillation  at  the 
propagation  distances  where  they  would  be  expected 
according  to  equation  (1).  The  lowest  plot  shows  the 
beam  at  the  end  of  the  simulation  after  propagating  for 
lm. 


Figure  4:  Lineout  of  the  accelerating  field  along  the  axis 
at  the  first  minimum  and  maximum  of  the  betatron 
oscillations  and  at  the  final  propagation  distance  of  lm 
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Together  the  density  plots  confirm  the  wavelength  of  the 
betatron  oscillation  given  by  equation  (1)  and  therefore  the 
underlying  ideas  about  the  beam-plasma  interactions.  It 
should  also  be  noted  that  as  expected  the  head  of  the  beam, 
where  the  electrons  are  not  fully  blown  out,  oscillates 
with  a  longer  period  that  depends  on  the  axial  position 
within  the  beam. 

Figure  4  shows  lineouts  of  the  accelerating  electric  fields 
along  the  axis  at  the  same  propagation  distances  as  the 
density  plots  in  figure  2.  The  simulation  results  indicate 
that  the  magnitude  of  the  peak  accelerating  field  does  not 
vary  by  more  than  about  5  -10%  during  the  beam 
propagation  despite  of  betatron  oscillations. 


Figure  5:  Plot  of  the  energy  of  the  beam  particles  as  a 
function  of  position  along  the  axis  after  lm  of 
propagation 


Figure  5  shows  the  energy  of  the  beam  particles  at  the  end 
of  the  simulation.  There  are  three  important  features  that 
should  be  noted  in  this  plot.  The  front  part  of  the  beam 
did  not  change  energy,  the  middle  part  of  the  beam  lost 
about  200  MeV,  and  particles  in  the  tail  of  the  beam 
gained  energies  up  to  700  MeV.  These  results  are  mostly 
consistent  with  previously  presented  calculations  and 
simulations  of  this  system  [3]. 

We  also  did  simulations  for  the  same  physical  setup  but 
with  a  larger  number  of  grid  cells  and  particles  and 
therefore  with  a  larger  numerical  accuracy.  Figure  6  shows 
the  lineouts  of  the  accelerating  electric  fields  along  the 
axis  for  the  original  as  well  as  two  higher  resolution 
simulations  after  3  cm  of  propagation.  The  results  differ 
significantly  only  in  that  the  peak  accelerating  field 
increases  with  the  resolution  of  the  simulation.  This  leads 
to  the  conclusions  that  the  2D  cylindrically  symmetric 
simulations  describe  most  aspects  of  the  PWFA  well  but 
that  it  is  hard  to  get  a  reliable  estimate  of  the  peak  field 
and  therefore  the  maximum  obtainable  particle  energies 
with  this  algorithm.  Full  3D  simulations  are  probably 
required  to  clarify  this  question  [2]. 

4  CONCLUSIONS 

The  object  oriented  framework  OSIRIS  for  laser-plasma 
and  beam-plasma  physics  has  been  developed  and 
successfully  used  for  simulations  of  plasma  wake  field 
accelerators.  These  simulations  support  previous  research 
results.  The  code  will  be  used  for  future  research  in  this 
area  as  well  as  in  other  areas.  New  modules  adding  new 
physics  to  the  framework  will  be  implemented  as  our 
research  motivates  it.  Due  to  the  object  oriented 
programming  style  these  new  modules  will  be  able  to 
immediately  take  full  advantage  of  all  the  other  features 
already  implemented. 
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Figure  6:  Outline  of  the  accelerating  field  along  the  axis 
after  3  cm  of  propagation  for  three  simulations  with 
different  numbers  of  grid  cells  and  particles. 
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Abstract 

A  novel  mechanism  for  generating  large  (>  1  GeV/m)  ac¬ 
celerating  wakes  in  a  plasma  is  considered.  We  employ 
two  slightly  detuned  counter-propagating  laser  beams,  an 
ultra-short  timing  pulse  and  a  long  pump,  which  exchange 
photons  and  deposit  the  recoil  momentum  into  the  plasma 
electrons.  A  rapidly  rising  electron  current  is  thereby  gen¬ 
erated,  inducing  an  plasma  wake  with  phase  velocity  equal 
to  the  group  velocity  of  the  short  pulse,  which  can  be  used 
for  particle  acceleration.  It  turns  out  that,  by  modulating 
the  amplitude  and  frequency  of  the  pump,  one  can  gener¬ 
ate  periodic  phase-controlled  accelerating  structures  in  the 
plasma  (“plasma  linac”).  By  the  judicious  choice  of  the  du¬ 
ration  of  each  segment  of  the  pumping  beam,  acceleration 
unlimited  by  the  dephasing  can  be  realized.  The  amount 
of  transverse  focusing  can  be  also  adjusted.  The  impor¬ 
tant  advantage  of  this  type  of  plasma  accelerator  over  the 
conventional  laser  wakefield  accelerator  is  that  it  requires 
modest  laser  intensities  I  <C  1018W/cm2. 

I  INTRODUCTION 

Plasma  is  an  attractive  medium  for  particle  acceleration  [1] 
because  of  the  high  electric  field  it  can  sustain.  In  a  plasma- 
based  accelerator  particles  gain  energy  from  a  longitudinal 
plasma  wave.  To  accelerate  particles  to  relativistic  ener¬ 
gies,  the  plasma  wave  needs  to  be  sufficiently  intense,  with 
a  phase  velocity  close  to  the  speed  of  light.  The  longitudi¬ 
nal  (accelerating)  field  of  the  plasma  wave  is  Eo  =  nEw b, 
where  n  =  5n/no  is  the  fractional  density  perturbation 
of  the  plasma  by  the  wave,  and  Bwb  =  mcujp/e  is  the 
cold  wavebreaking  field.  Here  u>p  =  y/4-rre2no/m  is  the 
plasma  frequency,  no  is  the  plasma  density,  — e  and  m  are 
the  electron  charge  and  mass.  In  a  laser  wakefield  accel¬ 
erator  (LWFA)  such  a  plasma  wave  is  excited  by  an  ultra- 
short  pulse  of  about  l/wp  duration.  Since  n  «  a2/2,  where 
al  =  0.37/o/1018W/cm2,  high  laser  intensity  Iq  ~  1018 
W/cm2  is  required. 

In  this  paper  we  suggest  a  new  approach  to  generating 
accelerating  wakes  in  plasma,  which  we  call  a  colliding- 
beam  accelerator  (CBA).  This  method  requires  neither 
ultra-high  intensity  lasers,  nor  high-current  electron  beams. 
Rather,  by  colliding  two  counter-propagating  laser  beams 
of  sub-relativistic  intensities,  a  short  timing  beam  (TB)  ao 
and  a  long  pumping  beam  (PB)  a1(  a  plasma  wave  with 
phase  velocity  vph  equal  to  the  group  velocity  of  the  short 

*  Work  was  supported  by  the  DOE  Division  of  High  Energy  Physics 
contract  No.  DE-AC02-CHO-3073,  and  the  Deutsche  Forschungsgemein- 
schaft. 
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pulse  Ug  «  cis  generated.  This  wave  induces  a  fractional 
density  perturbation  of  the  plasma,  n  «  up/ujq,  where  u>o 
and  uj\  «  ojo  are  the  laser  frequencies.  In  order  to  induce 
a  density  perturbation  of  this  magnitude,  laser  intensities 
should  satisfy  aoai  >  This  condition  implies  non- 

relativistic  laser  intensities  Jo,i  1018W/cm2,  because 
w2/ojq  1  for  tenuous  plasmas. 

When  two  laser  pulses  collide  in  plasma,  they  may  ex¬ 
change  photons  [2],  The  direction  of  the  energy  flow  be¬ 
tween  the  pulses  is  governed  by  the  Manley-Rowe  relation: 
the  higher-frequency  photons  back-scatter  into  the  lower- 
frequency  photons.  The  recoil  momentum  is  deposited  into 
the  plasma  electrons.  For  example,  when  the  pump  fre¬ 
quency  is  higher,  Au  =  uq  —  w i  <0,  plasma  electrons, 
on  average,  acquire  a  negative  momentum  and  produce  an 
electron  current.  It  is  essential  that  this  current  can  gener¬ 
ate  a  plasma  wave  substantially  larger  in  amplitude  (the  en¬ 
hanced  wake)  than  the  conventional  plasma  wake  produced 
by  mere  forward  scattering.  Since  the  sign  of  the  current  is 
controlled  by  the  frequency  detuning  Ao;,  so  is  the  phase 
of  the  plasma  wave  <j>  =  ujp(t  —  z/vph)-  These  two  points 
are  illustrated  by  a  numerical  simulation,  performed  using 
a  ID  version  of  the  Particle-in-Cell  (PIC)  code  VLPL  [3]. 
As  Fig.  1  indicates,  the  addition  of  the  counter-propagating 
laser  beam  (pump)  to  the  ultra-short  pulse  increases  the 
magnitude  of  the  wake  by  order  of  magnitude.  We  will, 
therefore,  refer  to  the  wake  generated  in  the  presence  of  the 
pump  as  the  “enhanced”  wake,  as  opposed  to  the  “regular” 
wake,  produced  in  the  absence  of  the  pump.  Moreover,  one 
observes  from  Fig.  1  that  when  the  frequency  of  the  pump 
is  changed  from  lo\  =  1.1  c^o  to  u>\  =  0.9cjo,  the  phase  of 
the  wake  is  changed  by  A$>  =  —  n. 

The  remainder  of  the  paper  is  organized  as  follows.  In 
Section  2  we  consider  the  basic  physics  of  the  enhanced 
wake  excitation:  interference  of  two  counter-propagating 
laser  beams  generates  a  spatially  periodic  (with  period 
Ao/2)  ponderomotive  potential,  which  can  impart  an  over¬ 
all  momentum  to  the  plasma.  Two  regimes  are  considered: 
when  the  electron  motion  in  this  ponderomotive  potential  is 
linear,  and  when  strong  electron.  In  Section  3  we  demon¬ 
strate  how  a  sequence  of  acceleration/drift  sections  can  be 
produced  in  plasma,  mimicking  sections  of  a  conventional 
rf  accelerator  in  the  plasma  medium. 

2  GENERATION  OF  ENHANCED 
WAKES 

We  consider  the  interaction  between  the  electron  plasma 
and  two  planar  circularly  polarized  laser  pulses  ao  and  Si, 
where  ao,i  =  ao,i(ex  ±iey)/2,  0Q  =  (ko z  —  wot),  and 
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Figure  1 :  Top  to  bottom:  (i)  single  short  laser  pulse  with 
ao  =  0.12  and  frequency  wq  propagates  from  left  to  right; 

(ii)  short  pulse  generates  a  weak  plasma  wake  Ex\  (iii)  in 
the  presence  of  counter-propagating  pump  with  a\  =  0.05 
and  frequency  w\  —  1.1  wo  the  wake  is  enhanced,  and  its 
phase  is  shifted  by  tc/2  with  respect  to  the  “regular”  wake 
of  (ii),  which  is  also  shown  for  comparison;  (iv)  Same  as 

(iii) ,  only  a  down-shifted  pump  with  wi  =  0.9wo  is  used, 
and  the  phase  shift  is  -n/2. 


9\  =  (kiz  +  wit).  We  assume  laser  pulses  close  in  fre¬ 
quency  | Aw |  -C  wo,  and  tenuous  plasma  wp  <SC  wo,i,  so 
that  ko  «  ki  «  wo/c. 

Plasma  electrons  experience  the  longitudi¬ 
nal  ponderomotive  force  of  the  laser  heatwave 
F  =  -mc2dza0  ■  Si  «  2&oao(C,  z)ai  cos  (2 k0z  -  Awt), 
where  (  =  t  —  z/vg.  The  motion  of  an  arbitrary  plasma 
electron  (labeled  by  index  j)  is  determined  by  its  pondero¬ 
motive  phase  ipj  =  2k0zj  —  Aw tj,  where  Zj  and  tj  are  the 
electron  position  and  time,  respectively.  The  equation  of 
motion  for  the  j’th  electron  can  be  expressed  as 

+  w|  sin  ipj  =  -Wp  V'  niell't>i  -  ^UJ°eEz  +  c.  c 

i^i  mc 

(1) 

where  w|(C,  z)  =  kw^c^ai  is  the  bounce  frequency  of  an 
electron  in  the  ponderomotive  potential.  It  turns  out  that 
two  plasma  waves  are  excited  by  the  collision  of  a  short 
pulse  with  a  long  pump:  a  slow  wave  with  the  wavelength 
Ao/2,  and  a  fast  wave  (enhanced  wake)  with  the  wave¬ 
length  A p.  This  is  reflected  in  Eq.  (1):  fit  —  A)Ao/2 

is  the  1-th  harmonic  of  the  slow  wave,  and  Ez,  the  en¬ 
hanced  wake,  is  the  electric  field  of  the  fast  wave. 

The  nonlinear  origin  of  the  enhanced  wake  Ez  can  be 
understood  as  follows.  As  the  photons  are  exchanged  be¬ 


d(2 


tween  the  counter-propagating  beams,  electrons,  on  av¬ 
erage,  acquire  the  recoil  momentum  and  produce  a  cur¬ 
rent.  However,  the  current  in  1-D  must  be  balanced  by 
the  displacement  current.  An  electric  field  Ez  is  pro¬ 
duced,  satisfying  Faraday’s  law  dEz/dt  =  -47r  <  Jz  >, 
where  <  Jz  >  is  the  current  averaged  over  the  period 
of  the  slow  wave.  Two  flows  contribute  to  <  Jz  >: 
the  linear  plasma  flow  in  the  field  of  the  enhanced  wake 
Jf  =  —enoVf,  and  the  nonlinear  (space-averaged)  flow 
—e(nv).  Taking  the  time  derivative  of  Faraday’s  law,  we 

,  .  (  d2  2\  d  <nv  > 

obtain  I  —  +  wp  J  Ez  =  -47re - — - ..  Below  we 

consider  two  regimes:  when  the  slow  wave  is  linear  and 
when  electrons  are  trapped  by  the  ponderomotive  potential. 

If  the  slow  wave  remains  linear,  its  higher  harmonics 
can  be  neglected,  and  ( nv )  =  no(niwi  +  n\v i),  where, 
as  defined  earlier,  fii  =  )  is  the  plasma  density  per¬ 

turbation,  and  vi  is  the  associated  velocity  perturbation. 
Using  the  continuity  equation,  we  find  that  ( nv/c )  = 
(Aa;/u>o)|fii|2.  It  can  be  shown  that  behind  the  Gaussian 
TB  ao(C)  =  aoexp  (-£2/2t2)  the  accelerating  electric 
field  oscillates  as  Ez(()  —  e(mcwp/e)  sin  wp(,  where 


e  = 


■kAw 

&Wq 


^4aja0^|j  ^r'/4  x 


e-(wp-A  ujfrl  +  e-(u>p+A  w)2r£  +  f  g-A  w2t£ 

3 


(2) 


The  most  efficient  excitation  of  the  accelerating  wake  re¬ 
quires  tl  ~  2.0w~l  and  Ao;  =  ±l.lwp.  For  these  param¬ 
eters  |e|  w  0.6wp/u>o  (4aoaiWo/w2)2.  The  enhanced  wake 
exceeds  the  regular  wake  from  forward  scattering  when¬ 
ever  ai  >  (wp/wo)3/2/4.  Forn0  =  1018cm-3,  this  corre¬ 
sponds  to  the  pump  intensity  Ii  >  2  ■  1014  W/cm2. 

Equation  (2)  is  valid  if  the  slow  plasma  wave  is  linear.  To 
find  the  maximum  magnitude  of  the  enhanced  wake,  con¬ 
sider  the  nonlinear  regime  of  Eq.  (1)  when  w\  >  wp.  In 
this  regime,  all  the  terms  in  the  RHS  of  Eq.  (1)  become 
smaller  than  the  ponderomotive  term  in  the  LHS.  One  may 
neglect  the  electrostatic  forces  acting  on  plasma  electrons 
during  the  short  time  of  TB  interaction.  Hence,  the  particle 
motion  is  qualitatively  described  by  the  nonlinear  pendu¬ 
lum  equation  ipj  -I-  w2B{Q  sin  ipj  =  0. 

Plasma  electrons,  initially  stationary  in  the  laboratory 
frame,  enter  the  time-dependent  ponderomotive  bucket 
with  the  initial  “speed”  ip  —  —Aw.  If  this  speed  is  smaller 
than  the  bucket  height  ipmax  =  2 wb,  some  electrons  be¬ 
come  trapped  and  execute  a  synchrotron  oscillation  in  the 
bucket.  It  turns  out  that,  by  appropriately  choosing  the 
pulse  duration  and  frequency  detuning,  a  substantial  aver¬ 
age  momentum  can  be  imparted  to  plasma  electrons.  The 
largest  average  momentum  gain  Pz  «  mcAw/wo  is  real¬ 
ized  for  Aw  «  wB  and  tb  «  2/wb-  For  these  parameters, 
most  of  the  electrons  execute  half  of  a  bounce  in  the  pon¬ 
deromotive  bucket.  Behind  the  TB  electrons  are  left  with 
an  average  momentum  Pz,  generating  an  enhanced  wake 
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with  the  electric  field 

eEz  ( P z)  .  f  .  /  \  \  ( ^b\  .  f 

- =  - sin  u}vc  «  sign  (Aw)  —  sin  uvC.  (3) 

mcujp  me  \u>o ) 

Since  the  bounce  frequency  cjb  ~  I^4  increases  slowly 
with  the  intensity  of  the  TB,  it  is  realistic  to  assume  that 
u>b  ~  wp,  so  that  n  ~  u>p/u>o-  Note  that  the  phase  of  the 
enhanced  wake  is  controlled  by  the  sign  of  the  frequency 
detuning  Aw,  as  observed  in  the  PIC  simulation.  This  is 
true  when  the  slow  plasma  wave  is  either  linear,  or  nonlin¬ 
ear,  as  predicted  by  Eqs.  (2)  and  (3),  respectively. 

3  PLASMA  LINAC 

The  ability  to  control  <j>  is  important  since  it  may  solve 
the  dephasing  problem  of  wakefield  acceleration.  Dephas¬ 
ing  between  the  plasma  wave  and  the  accelerated  rela¬ 
tivistic  electrons  occurs  after  a  distance  Ld  =  A3/Ao,  af¬ 
ter  which  electrons  slip  into  the  decelerating  phase  of  the 
wake.  Generating  a  series  of  wake  sections  with  tailored 
relative  phases  and  magnitudes  may  result  in  a  new  type 
of  plasma  linac,  in  which  the  injected  electrons  experience 
acceleration  over  distances  much  exceeding  Ld-  In  order 
to  demonstrate  the  control  over  the  phase  and  amplitude 
of  the  wake  in  a  CBA,  we  present  in  Fig.  1(b)  the  results 
of  a  numerical  simulation,  where  two  wake  sections  of  1 
mm  total  length  and  the  relative  phase  difference  of  w  are 
shown.  The  full  dephasing  distance  of  Ld  —  1  cm  would 
involve  a  considerably  more  computational  effort  beyond 
out  present  capabilities. 

The  pump  is  split  into  two  sections:  the  leading  section 
of  duration  Ati  —  500  x  27r/wo,  where  Aw  =  — 1.7wp, 
and  the  trailing  section  At3  =  250  x  27r/wo,  where  Aw  = 
1.7wp.  These  two  pump  beam  sections  are  separated  by  the 
middle  section  of  duration  A<2  =  At3,  where  the  pump  is 
switched  out. 

As  Figs.  2(a,b)  show,  the  three  pump  sections  map  into 
three  spatial  acceleration  regions,  which  are  different  from 
each  other  by  the  behavior  of  the  TB,  as  well  as  the  mag¬ 
nitude  and  phase  of  the  plasma  wake.  In  the  leading  region 
the  pump  beam  has  higher  frequency  and  energy  flows  into 
the  TB,  amplifying  it.  A  strong  plasma  wake  with  the  peak 
accelerating  gradient  of  8  GeV/m  is  induced.  The  middle 
region  is  void  of  the  pump.  Here  the  TB  interacts  with  the 
plasma  through  the  usual  LWFA  mechanism  only,  produc¬ 
ing  a  weak,  <  lGeV/m,  accelerating  wake.  In  this  region 
the  energy  of  the  injected  electrons  does  not  significantly 
change,  as  seen  from  Fig.  2(d).  When  the  trailing  (low- 
frequency)  part  of  the  pump  collides  with  the  TB,  the  en¬ 
ergy  flows  from  the  TB  into  the  PB,  Fig.  2(c).  Again,  a 
strong  plasma  wake  is  induced,  Fig.  2(b).  This  wake,  how¬ 
ever,  is  shifted  in  phase  by  A<j>  =  n  with  respect  to  the  lead¬ 
ing  region.  As  a  result,  the  particles  which  gained  energy 
in  the  leading  region  are  decelerated  in  the  trailing  region, 
Fig.  2(d).  By  repeating  the  time  sequence  for  the  pump, 
shown  in  Fig.  2,  with  the  appropriately  chosen  durations  of 
the  pump  sections  Atj  =  2 Ld/c  and  At2  =  At3  =  Ld/c, 
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Figure  2:  Collision  between  a  short  timing  beam  (ao  = 
0.08,  tl  =  w~ x)  and  an  intermittent  pump  (a i  =  0.012)  in 
no  =  2.5  xl018cm-3  plasma  (wo/wp  =  20).  10  MeV  elec¬ 
trons  are  continuously  injected  into  the  plasma,  (a)  Time- 
dependence  of  the  pumping  beam  intensity  I\  =  2a\\  (b) 
longitudinal  electric  field  eEz/mcup\  (c)  propagation  of 
the  TB  through  the  plasma,  Iq  =  2oq’;  (d)  phase  space  of 
injected  electrons. 

one  can  achieve  limitless  particle  acceleration,  not  encum¬ 
bered  by  dephasing.  The  convenience  of  this  particular  se¬ 
quence  is  that  the  particle  is  accelerated  for  3/4  of  the  time. 
Also,  since  Ati  >  Ati,  there  is  a  net  energy  flow  from  the 
pump  into  the  beam  which  can  compensate  for  the  diffrac¬ 
tive  losses. 
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Abstract 


are  three  types  of  modes,  corresponding  to 


A  unified  framework  based  on  solid-state  open  waveguides 
is  developed  to  overcome  all  three  major  limitations  on 
acceleration  distance  and  hence  on  the  feasibility  of  two 
classes  of  laser  acceleration.  The  three  limitations  are  due 
to  laser  diffraction,  acceleration  phase  slippage,  and  dam¬ 
age  of  waveguide  structure  by  high  power  laser.  The  two 
classes  of  laser  acceleration  are  direct-field  acceleration 
and  ponderomotive-driven  acceleration.  Thus  the  solutions 
provided  here  encompass  all  mainstream  approaches  for 
laser  acceleration,  either  in  vacuum,  gases  or  plasmas. 

1  MODE  PROPERTIES 

The  open  waveguides  of  interest  to  laser  acceleration  have 
the  following  characteristics  in  common.  First  of  all,  they 
are  over-sized  in  all  dimensions  compared  to  the  laser 
wavelength.  As  such,  field  amplitude  of  a  waveguide  mode 
can  be  much  smaller  on  waveguide  surface  than  in  the  core. 
Secondly,  they  are  electromagnetically  or  even  structurally 
open.  As  a  result,  only  low  order  modes  are  effectively 
guided.  In  other  words,  these  waveguides  are  over-sized 
but  not  over-moded  for  being  electromagnetically  open. 
Laser  acceleration  with  two  particular  types  of  open  waveg¬ 
uides  was  studied  separately  in  our  previous  works,  one 
for  capillary  waveguide  (CW)  [1]  and  another  for  open-iris 
loaded  waveguide  (OILW)  [2].  In  this  paper  we  present  a 
unified  framework  for  laser  acceleration  in  vacuum,  gases, 
and  plasmas  with  both  open  waveguides.  In  particular,  we 
propose  to  use  a  hybrid  of  the  two  to  overcome  the  limita¬ 
tion  due  to  acceleration  phase  slippage.  The  notations  used 
here  follow  that  of  [1,  2]  unless  otherwise  stated. 


TEom  (l  :  0) 

TM0m  (l  =  0)  (3) 

EHlm  (I  ^  0)  . 

For  laser  acceleration,  we  are  interested  primarily  in  two 
low-order  modes:  TMoi  mode  for  direct-field  acceleration 
in  vacuum  and  gases  with  its  on-axis  Ez  component,  and 
EHn  mode  for  ponderomotive-driven  acceleration  in  plas¬ 
mas.  Accordingly,  we  consider  three  cases:  8v\  =  0  when 
the  core  is  in  vacuum,  8v\  >  0  and  8v\  <  0  when  the 
core  is  filled  with  uniform  gases  and  plasmas,  respectively, 
where  5v\  =  u\  —  1  and  \8v\  |  -C  1. 

The  electric  fields  within  the  core  r  <  R  are  given  by 


A  =  < 


Vi>2  -  1 
iP 

Vof^i 

t>2  +  1 

2  yJO2  -  1 


TMoi 


EHn 


f  Ez  —  EaJo(^krir^  , .. 

\  Er  =  -iir/k^EaMknr)  ,  w 

f  Ey  =  EoJo(krir)  ... 

\  Ez  =  -i(krl/r)EoMkrlr)sm<j> ,  w 


where  Ea  is  the  peak  acceleration  field  for  TMoi  mode, 
E0  is  the  peak  transverse  field  for  EHn  mode,  F  = 
Pirn  +  iaim  and  kr i  =  ( Uim  -  iA/ig)/R.  To  leading 
order,  T/kr i  =  jg.  Given  electric  field,  magnetic  field 
of  a  mode  can  be  determined  by  Ht  =  z  x  (TEt  + 
iVtEz)/kZo,  Hz  =  (j/T)Vt  •  Ht,  where  subscript  t 
denotes  transverse  component,  z  is  a  unit  vector  in  z- 
direction,  and  Zq  is  the  vacuum  impedance.  To  evaluate 
surface  field  Es  at  r  =  R,  we  expand  Bessel  functions  in 
the  transverse  fields  of  Eqs.(4,5)  using  the  expression  for 
kr  i  and  keeping  the  larger  one  of  the  two  components 


Capillary  Waveguide  The  capillary  waveguide  con¬ 
sidered  here  is  made  of  a  hollow  core  with  an  index  of 
refraction  Vi  and  radius  R,  embedded  in  a  medium  of  di¬ 
electric  or  metal  with  a  complex  index  of  refraction  v2.  The 
eigenmodes  of  the  waveguide  can  be  solved  following  the 
same  procedure  by  Marcatili  et  al.[3]  under  the  conditions 
Xi/R  -C  1  and  \\Jv2  —  1|  Xi/R,  where  Ai  =  X/vn 
v  =  Vi/vi,  and  A  is  the  wavelength  in  vacuum.  For  eigen¬ 
modes  of  the  form 


f  £(r,  <i>,  2,  t)  X  /  Eim(r,  tj>)  1 
\n(r,<f>,z,  t)j 


,  (1) 


the  eigenvalues  are  given  by 


Es/Ea  =  max{l,|A|}|J0(l7oi)|  :  TMoi  ,  ,,, 

Es/Eo  =  max{l,|A|}|Ji(I71i)|/7fl  :  EHn  ■  K  ) 

Here  we  come  upon  one  of  the  most  important  advan¬ 
tages  of  the  capillary  waveguide:  for  TMoi  mode,  surface 
field  can  be  smaller  than  peak  acceleration  field,  superior 
to  other  acceleration  structures  including  even  microwave 
linac;  and  for  both  modes,  surface  fields  are  much  smaller 
than  peak  transverse  fields.  Power  in  each  mode  can  be  ex¬ 
pressed  as  P(z)  =  Poe~z/Lattn ,  where  Lattn  =  1  /2a(m 
is  power  attenuation  length  and  to  leading  order 

p  _  /  *R2l2gE2aJo(Uoi)2/2Z0  :  TMoi  (1, 

0  l  irR2E2Ji(Un)2/2Z0  :  EHn  .  (/) 


Am  =  ki(l  -  l/27p  ,  aim  =  Re(A)/7 2R  ,  ip  (2) 

where  =  vi k,  k  —  2-k/X,  jg  =  2TrR/UimXi  »  1,  and 
Uim  is  the  mth  root  of  the  equation  Ji~i(Uim)  =  0.  There 


The  on-axis  intensity  for  a  free-space  TEMqo  mode 
falls  as  7(z)//(0)  =  1/[1  +  ( z/Zr )2]  away  from  the 
waist  due  to  diffraction,  and  the  on-axis  longitudinal 
field  for  a  TEMqi  mode  also  falls  as  Ez(z)/Ez{ 0)  = 
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1/[1  +  (z/Zr)2},  where  Zr  =  ttwq/Xi  is  the  Rayleigh 
length.  Assuming  a  TEMoo{TEMoi)  mode  is  coupled  to 
a  EHh(TMqi )  mode  at  the  optimal  condition  wq/R  = 
0.64(0.56),  the  effectiveness  of  guiding  can  be  measured 
by  taking  the  ratio  of  the  relevant  e-folding  lengths  of 
the  waveguide  mode  to  the  ffee-space  mode,  yielding 
Lehii/Ltemoo  =  Ltmoi/Ltemoi  —  2f?/Re(A)A1. 
Despite  the  fact  that  the  waveguide  modes  are  leaky,  optical 
guiding  can  be  made  quite  effective  to  overcome  diffraction 
for  low  order  modes  with  sufficiently  large  R/X\.  In  ad¬ 
dition,  for  waveguide  material  with  anomalous  dispersion 
at  certain  wavelength,  it  is  possible  to  have  Re(A)  -C  1. 
For  example,  we  have  Re(A)  =  0.1  for  sapphire  at  A  = 
10.6/xm  with  v%  —  0.67  +  i0.04. 

Open-Iris  Loaded  Waveguide  The  open  iris-loaded 
waveguide  considered  here  is  made  of  a  series  of  thin 
screens  separated  by  distance  L  and  each  having  a  circular 
aperture  of  radius  R.  The  eigenmodes  of  such  a  waveg¬ 
uide  are  identical  to  that  of  a  Fabry-Perot  resonator.  Two 
distinctively  different  methods  have  been  used  to  calculate 
the  transverse  field  Et  of  the  modes:  the  numerical  method 
of  Fox  and  Li  [4]  and  the  analytical  method  of  Vainshtein 
[5],  It  is  known  that  the  two  methods  agree  well  in  eigen¬ 
value  [6],  but  differ  in  detail  in  mode  profile  [5,  7].  The 
fine  ripples  in  Fox-Li’s  profile  are  absent  from  Vainshtein’s 
solution.  Based  on  numerical  results,  Pantell  proposed  that 
advantage  may  be  taken  of  these  ripples  of  high  spacial  fre¬ 
quency  for  direct-field  acceleration  in  vacuum  [8],  since  the 
longitudinal  field  Ez  is  proportional  to  the  transverse  gra¬ 
dient  of  Et.  However,  Pantell  failed  in  providing  solution 
to  the  phase  slippage  problem.  His  claim  that  net  energy 
gain  can  be  achieved  by  terminating  the  structure  without 
terminating  the  interaction  is  a  direct  violation  of  the  well- 
known  theorem  for  laser  acceleration  in  vacuum  [9]. 

On  the  other  hand,  we  calculated  the  acceleration  mode 
[2]  taking  the  analytical  approach.  We  argue  that  the  fine 
ripples,  although  neglected  from  Vainshtein  approxima¬ 
tion,  are  of  less  importance  for  laser  acceleration.  First, 
it  has  been  shown  [7]  that  the  ripple  magnitude  is  a  de¬ 
creasing  function  and  the  frequency  of  occurrence  is  an  in¬ 
creasing  funtion  of  Fresnel  number  N  =  R2/XiL.  At  the 
large  value  of  N  required  for  low  loss  mode  propagation, 
the  high  frequency  ripples  can  become  very  sensitive  to 
slight  variation  and  fluctuation  in  system  parameters,  mis¬ 
alignment,  and  spread  in  wavelength.  Even  the  mathemat¬ 
ical  assumption  of  infinitely  sharp  aperture  may  need  to  be 
modified.  All  these  factors  tend  to  smooth  out  the  high  fre¬ 
quency  ripples  and  what  an  electron  see  on  average  is  the 
smooth  profile  predicted  by  the  analytical  solution.  Last, 
the  validity  condition  for  the  numerical  method  is  more  re¬ 
strictive  than  for  the  analytical  one.  In  addition  to  the  com¬ 
mon  conditions  R/X\  >  1  and  L/X\  »  1,  the  Fox-Li 
method  further  requires  that  L/R  »  1  and  ( L/R )2  »  N 
[4],  In  the  parameter  regime  of  interest  for  laser  accelera¬ 
tion,  these  extra  conditions  are  often  violated. 

Analytical  solution  for  OILW  can  be  obtained  by  sim¬ 


ply  taking  A  =  r/e  yJnL /2Xi  (1  —  i)  in  all  previous  re¬ 
sults  given  for  CW,  where  r]e  =  0.824.  Note  here  we  have 
changed  the  mode  designation,  to  be  consistent  with  that 
for  CW.  In  comparison,  CW  has  lower  loss  and  surface  field 
since  generally  |A0i/^|  >  |Acm|,  whereas  OILW  is  desir¬ 
able  for  allowing  side  access  with  its  open  structure.  Thus 
a  hybrid  waveguide  can  be  conceived  in  which  sections  of 
OILW  are  inserted  in  an  otherwise  uniform  CW,  wherever 
necessary.  Power  coupling  coefficient  between  modes  in 
CW  and  OILW  is  given  by  ac  =  l-Cm\Kouw-Kcw\2 /^2, 
where  Cm  =  0.33(0.39)  for  TMq\{E  Hu)  mode.  The  sec¬ 
ond  term  on  the  right,  being  0(l/N),  can  be  made  quite 
small,  thus  allowing  significant  reduction  in  mode  coupling 
loss  due  to  waveguide  interruption. 

2  DIRECT-FIELD  ACCELERATION 

Acceleration  phase  slippage  length  in  vacuum  is  defined  by 

La  =  1/7S2  +  1/72  ’  (8> 

over  which  a  relativistic  electron  with  energy  Wo  =  7771c2, 
while  being  accelerated,  slips  7r  phase  with  respect  to  the 
fast  acceleration  wave  in  TM01  mode.  Energy  gain  of  the 
electron  on  the  axis  is  AW0  =  eEaLaTa,  where  Ta  =  2/n 
is  a  transit  factor.  In  parallel,  a  deceleration  phase  slip¬ 
page  length  can  be  defined  over  which  the  electron  slips 
another  n  phase  while  losing  energy  amounted  to  AW^  = 
eEaLdTd .  Average  acceleration  gradient  during  a  period 
of  27t  phase  slippage  is  then 

=  AW0  -  AWri  eEgTg  [1  -  LdTd/LaTa] 

Lg  +  Ld  1  +Ld/Lg 

To  have  net  acceleration,  the  ratio  Ld/La  should  be  made 
small.  This  can  be  done  with  two  methods.  The  idea  is  to 
enhance  phase  slippage  during  the  half  period  of  deceler¬ 
ation,  thus  taking  a  shorter  distance  Ld.  The  first  method, 
presented  previously  [1],  works  on  reducing  the  longitudi¬ 
nal  velocity  of  an  electron  by  introducing  a  static  transverse 
magnetic  field  during  deceleration.  Instead  of  tempering 
electron  orbit  which  could  cause  significant  radiative  loss  at 
high  energy,  the  second  method  works  on  enhancing  phase 
slippage  by  increasing  phase  velocity  of  the  wave  during 
deceleration.  This  can  be  done  by  introducing  a  plasma 
layer  of  thickness 

Ld  =  l/72+  l/72  +  l/72  ’  (10> 

where  7P  =  ui/ujp  »  1,  up  =  C\/4nryno  is  the  electron 
plasma  frequency  and  no  is  the  plasma  density.  In  this  case, 
Td  =  Ta.  The  dominant  energy  loss  for  an  ultrarelativistic 
electron  traversing  a  plasma  is  due  to  bremsstrahlung  [10]. 
The  rate  of  energy  loss  is  given  by  dW/dz  =  —W/Lr, 
where  Lr  is  the  radiation  length  defined  by  1/Lr  — 
kar2riiZ{Z  +  1)  ln(233/Z1/3),  n*  is  density  of  ions  with 
atomic  number  Z,  and  a  is  the  fine  structure  constant.  For 
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Hydrogen  plasma  with  density  m  =  n0  =  1017/cm3, 
Lr  is  as  long  as  4  x  106m.  Reflectance  of  laser  power 
off  a  sharp  interface  between  vacuum  and  an  underdense 
plasma  at  normal  incidence  is  also  negligible,  according  to 
the  Fresnel  formula  Rp  =  ( 1  —  i'i)2/(l  +  v\)2  =  I/I67/. 

The  assumption  of  a  sharp  vacuum-plasma  interface  is 
not  necessary.  More  rigorous  treatment  can  be  obtained 
with  WKB  method  [11].  For  underdense  plasma,  the  only 
modification  required  is  to  replace  the  factor  exp(i(301z) 
by  exp[ij /3oi(z)dz],  Assuming  a  density  profile  ne  = 
nofP(z),  where  fp{z)  =  1/[1  +  e-^+L^/s\  -  1/[1  + 
e-(z-td/ 2)/5j,  thg  phase  advance  for  the  mode  can  be  cal¬ 
culated  by  making  use  of  the  integral  fp(z)dz  = 
2Jln[(l  +  eLd^2S)/(l  +  e~Ld^2S)\.  It  is  seen  here 
that  Eq.(10)  is  accurate  enough  as  long  as  Ld/28  » 
1.  In  addition,  the  validity  of  WKB  method  requires 
\dui/dz\  <C  2ttv2/X  [11],  which  gives  6  A/167T72  for 

dfp/dz\max  =  1/45,  also  easily  satisfied. 

3  PONDEROMOTIVE  ACCELERATION 


over  multiple  slippage  lengths.  When  two  modes  are  in¬ 
cluded,  Eq.(24)  of  [1]  is  modified  to 

a?(p,(,z)  =  7^|/(>(P)  z)|2e“^2/2<r*  ,  (13) 

where  the  profile,  normalized  to  /),  (0, 0)  =  1,  is  given  by 

fb(p,  z)  =  [En(p,z)  +  T]Eu(p,z)]  , 

Eu(p,z)  =  Jo(Unp)eil3llZ~ailZ  ,  (14) 

En(p,z)  =  . 

Assuming  (7sii/7p)2  »  1.  (‘Ign/'lp)2  >  1  and 
( ihv )2  >  1.  where  7gn  and  7gi2  are  jg  factors  for 
EHn  and  EHu  modes,  respectively,  the  group  velocity 
and  slippage  length  then  become  same  for  both  modes,  i.e., 
vg  =  c(l  - 1/272)  and  La  =  72AP.  There  are  three  charac¬ 
teristic  length  scales:  l\  ~  {1/an,  l/an}  is  due  to  mode 
attenuation;  Z2  ~  l/(/?n  —  @12)  is  due  to  beating  of  the  two 
modes;  and  (3  ~  l/kp  is  the  plasma  period.  As  they  satisfy 
(1  »  h  >  h,  we  deduce  from  Eq.(23)  of  [1]  that 

Ewz  =  Ea  \fb(Pi  2)  |  COS  (kpZ  LOpt*)  ,  (15) 


Two  methods  are  presented  here  to  overcome  the  limit  on 
acceleration  distance  set  by  the  phase  slippage  length 


La  1/7|  +  1/7P2  -  i/72  (H) 

for  laser  wakefield  acceleration  in  an  open  waveguide  [1], 
The  first  method  requires  inserting  plasma  layers  of  higher 
density,  each  of  length  La,  as  drift  sections  in  between  ac¬ 
celeration  sections,  each  of  length  La.  Two  conditions  need 
to  be  satisfied.  First,  the  length  of  a  drift  section  is  given  by 


Ld 


1/7|  +  l/l2pd  ~  1/72  ’ 


(12) 


where  7 pd  =  Xpd/X  and  Xpd  is  the  plasma  period  corre¬ 
sponding  to  the  plasma  density  in  the  drift  section.  This 
condition  guarantees  continuous  energy  gain  in  each  accel¬ 
eration  section,  since  Ld  is  the  distance  for  the  particle  to 
slip  7r  phase  with  respect  to  the  acceleration  wave  of  pe¬ 
riod  A p.  Second,  the  plasma  density  in  the  drift  section 
is  set  according  to  Xp/Xpd  =  2m,  where  m  is  an  integer. 
This  condition  ensures  that  there  is  no  net  energy  exchange 
between  the  particle  and  the  laser  wakefield  excited  in  the 
drift  section,  since  Ld  is  also  the  distance  over  which  a  par¬ 
ticle  slips  2m7r  phase  with  respect  to  the  wakefield  with 
period  Xpd  in  the  drift  section.  Thus  the  average  gradi¬ 
ent  that  can  be  maintained  over  multiple  slippage  lengths 
is  G  =  A Wa/(La  +  Ld),  where  A Wa  =  eEaLaTa.  In 
a  limiting  case  with  (7/7P)2  1  and  (7^/7 p)2  1,  we 

have  La/Ld  =  (Xp/Xpd)2. 

The  second  method  utilizes  longitudinal  modulation  in 
laser  intensity  due  to  beating  of  two  waveguide  modes. 
The  idea  is  to  choose  the  beating  period  same  as  the  dis¬ 
tance  for  a  2n  phase  slippage,  such  that  the  wakefield  is 
stronger  when  the  particle  is  in  accelerating  phase,  and 
weaker  in  decelerating  phase,  resulting  in  net  energy  gain 


and,  in  particular,  for  acceleration  field  on  the  axis 
I  f  (n  zV2  -  l  +  ^2  +  2r?cospn  -£12)*] 

By  requiring  /?n  —  f3 12  =  7r /La,  we  have  the  match¬ 
ing  condition  7gii/7p  =  ^12/^11  “  1-  Energy  gain 
over  2 La  distance  is  then  A W2n  =  eEa2LaT27r,  where 
T2?r  =  77/(1  +  r])2.  As  expected,  T27r  vanishes  when  there 
is  only  one  mode  with  r?  =  0,  and  it  reaches  a  maximum 
when  the  two  modes  have  equal  amplitude  on  the  axis  with 
77  =  1.  The  relative  mode  amplitude  can  be  adjusted  easily 
by  changing  TEMoo  mode  waist  according  to 

Ji(un)fo  Jo(Ui2p)  exp[-T-f]W}pdp 

T)  =  - i - 5 -  .  (17) 

j2(U12)So  MUiip)  exp[—  (w^Rfs]pdp 

An  extended  version  of  this  paper  will  be  published  else¬ 
where.  This  work  was  supported  by  the  U.S.  Department 
of  Energy  under  contract  No.DE-AC03-76SF00098. 
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Abstract 

Results  of  a  numerical  study  which  models  experiments 
on  a  low  energy  electron  beam  probe  of  relativistic  plasma 
waves  are  discussed.  The  plasma  wave  modifies  the 
electron  beam  cross  section  and  energy  distribution. 
Qualitative  results  of  current  experiments  on  the  optical 
breakdown  of  Helium  and  Argon  gas  by  C02  laser  light  in 
a  plasma  shutter  are  presented. 

1  INTRODUCTION 

Many  research  groups  have  demonstrated  that  the  high 
gradient  acceleration  of  electrons  using  relativistic  plasma 
waves  is  possible  over  short  distances.  An  important 
parameter  for  plasma  wave  acceleration  is  the  amplitude  of 
the  accelerating  longitudinal  electrostatic  fields.  The 
results  of  previous  numerical  studies  suggest  that  a 
perpendicularly  injected  electron  beam  may  be  a 
convenient  and  sensitive  diagnostic  of  the  wave’s 
accelerating  fields.  The  plasma  wave’s  longitudinal  fields 
deflect  the  electrons,  thus  distorting  the  beam’s  cross 
section  in  direct  proportion  to  the  magnitude  of  the 
longitudinal  fields.  Those  studies  focused  on  using  1.5 
MeV  [1]  and  50  keV  [2]  electron  beams  to  measure 
plasma  waves  having  fractional  amplitudes,  aw,  in  the 
range  of  2.5  to  25%.  However,  in  many  laboratories 
performing  basic  studies  on  plasma  wave  acceleration 
techniques,  waves  that  have  fractional  amplitudes  of  1.0%, 
or  less,  are  common.  A  lower  energy  electron  beam  probe 
would  be  more  sensitive  and  convenient  for  experiments 
involving  these  lower  amplitude  waves. 

In  the  following  are  discussed  the  results  of  numerical 
simulations  of  the  interactions  of  5  keV  to  50  keV 
electron  beams  with  relativistic  plasma  waves  that  have 
fractional  amplitudes  in  the  range  of  0.1%  to  1.0%. 
These  simulations  model  an  experiment  being  constructed 
to  compare  this  electron  beam  diagnostic  with  the  more 
commonly  used  Thomson  scattering  diagnostic.  Part  of 
the  experimental  effort  is  to  develop  a  plasma  shutter  for 
shortening  laser  pulses,  and  qualitative  results  of  recent 
tests  of  this  device  are  presented. 

2  NUMERICAL  SIMULATIONS 

The  simulations  were  performed  using  a  3-D  relativistic 
particle  trajectory  code  which  was  originally  used  to  model 
the  acceleration  of  injected  electrons  by  relativistic  plasma 
waves  [3],  and  to  model  the  radiation  emitted  by  an 
electron  beam  passing  through  a  plasma  wave  undulator 
[4],  For  the  present  simulations,  the  electron  beam  energy 
was  varied  from  5  keV  to  50  keV  and  the  energies  were 


converted  to  the  appropriate  relativistic  y.  The  beam’s 
width  and  length  were  approximately  0.5  mm  and  10.0 
mm,  respectively.  Uniform  and  Gaussian  random  number 
generators  were  used  to  select  the  electrons’  initial 
positions  and  momenta  in  the  longitudinal  and  transverse 
directions,  respectively.  The  relativistic  plasma  wave’s 
phase  velocity  corresponded  to  a  gamma  phase,  yp,  of  9.7. 
In  laser  plasma  heatwave  experiments  this  yp  could  be 
generated  by  beating  the  10.6  pm  and  9.6  pm  lines  of  a 
C02  laser.  The  amplitude  of  the  plasma  wave  was  varied 
from  a^  =  n,/n0  =  0.1%  to  1.0  %,  where  n,  =  the  density 
fluctuation  and  n0  =  the  background  density.  The  plasma 
wave  propagates  in  the  +z  direction  and  a  beam  of  5000 
electrons  is  injected  transversely  through  the  wave  in  the 
+y  direction  [2].  After  the  electron  beam  exits  the  plasma 
wave,  it  drifts  approximately  10  cm  at  which  point  the 
positions  of  the  individual  electrons  are  recorded.  Figure  1 
shows  the  initial  cross  section  of  the  electron  beam  for  all 
simulations.  Figure  2  is  an  example  of  the  cross  section 
of  a  5  keV  electron  beam  that  has  passed  through  a  plasma 
wave  having  a*  =  1%.  The  width  of  the  beam  in  the  z 
direction,  or  “spot  width”,  is  plotted  versus  n,/n0  for 
various  beam  energies  in  figure  3.  Figure  3  shows  that 
the  lowest  energy  electron  beam  is  most  sensitive  to  the 
plasma  wave,  as  expected. 

The  plasma  wave  also  induces  an  energy  spread  in  the 
beam.  Figure  4  shows  the  original  energy  of  the 
monoenergetic  electron  beam  along  with  a  histogram  of 
the  number  of  electrons  in  the  final  energy  bins.  This 
shows  that  electrons  gain  and  lose  energy,  consistent  with 
the  model  that  electrons  sample  both  accelerating  and 
decelerating  fields  as  it  passes  through  the  plasma  wave 
[3].  The  final  energy  spread  shown  in  figure  4  is 
appoximately  0.03%.  Additional  sorting  of  the  results 
was  performed  to  determine  the  location  of  the  accelerating 
electrons  in  the  beam  and  it  was  found  that  the  electrons 
that  gain  and  lose  the  most  energy  are  the  ones  that  are 
deflected  the  most.  This  energy  spreading  is  being 
analyzed  to  determine  its  suitability  as  an  additional 
diagnostic  of  the  plasma  wave. 

3  THE  PLASMA  SHUTTER 

The  experiment  to  test  this  electron  beam  diagnostic  of 
plasma  waves  will  use  C02  lasers  to  create  the  plasma 
waves.  A  plasma  shutter  will  be  used  to  remove  the  long 
energetic  trailing  edge  of  the  C02  pulse.  The  optical 
breakdown  of  the  C02  laser  pulse  in  a  gas  chamber  filled 
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with  either  Helium  or  Argon  has  been  studied.  The 
chamber  is  a  -3.5  cm  long,  -3.8  cm  diameter,  cylinder 
with  windows  for  transmitting  CO,  and  YAG  laser  light, 
and  with  ports  for  a  vacuum  pump  and  a  pressure  gauge. 


Z  (cm) 

Figure  1:  Initial  cross  section  of  the  electron  beam.  The 
beam  moves  out  of  the  page  in  the  simulation. 
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Figure  2:  Final  cross  section  of  the  beam. 

The  laser  (-1012  W/cm2)  is  focused  into  the  chamber  using 
f/1.7  optics,  and  the  laser  energy  is  measured  using  a 
pyroelectric  Joulemeter.  The  pressure  is  measured  using  a 
capacitive  manometer  and  is  held  steady  using  a  computer 
controlled  leak  valve.  Figure  5  shows  laser  energy 
transmitted  versus  gas  pressure,  and  indicates  the  pressure 
at  which  breakdown  occurs  and  also  the  amount  of  energy 
transmitted  after  breakdown.  The  results  suggest  that  the 
C02  laser  breaks  down  at  -  30  Torr  in  Argon'and  at  -  105 
Torr  in  Helium,  as  expected  in  cascade  ionization  [5].  The 


results  show,  qualitatively,  that  a  larger  fraction  of  the 
C02  laser  energy  is  transmitted  when  Helium  is  used  as 
the  fill  gas  in  the  plasma  shutter.  Additional  tests  are 
underway  to  use  other  gases,  to  study  triggering  the 
breakdown  using  a  separate  YAG  laser  and  to  measure  the 
breakdown  time. 
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Figure  3:  Plot  of  cross  section  (spot  width)  versus 
fractional  plasma  wave  amplitude  for  several  electron 
beam  energies. 
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Figure  4:  Initial  beam  energy  and  histogram  of  final  beam 
energies. 

4  CONCLUSIONS 

Recent  numerical  simulations  reveal  the  relative 
sensitivity  of  low  energy  electron  beams  to  the 
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electrostatic  fields  in  relativistic  plasma  waves.  These 
simulations  also  provide  a  qualitative  picture  of  the 
induced  energy  spreading  and  the  distribution  of  the 
accelerated  and  decelerated  electrons  within  the  beam. 

Initial  results  indicate  that  the  plasma  shutter  is  capable  of 
controlling  a  COz  laser  beam  pulse. 


Figure  5:  C02  laser  energy  transmitted  in  the  plasma 
shutter  filled  with  Argon  and  with  Helium,  versus 
pressure. 
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Abstract 

The  theory  of  electromagnetically  induced  transparency 
(EIT)  in  a  plasma  [1]  is  examined  in  the  context  of  a 
bounded  system  via  particle  simulations.  It  is  found  that 
when  boundaries  are  introduced  into  the  problem,  the  re¬ 
quirements  of  causality  preclude  the  transmission  of  radia¬ 
tion  through  an  overdense  plasma  as  conceived  in  the  origi¬ 
nal  theory.  However,  a  two-frequency  laser,  or  “beatwave”, 
will  cascade  into  a  Stokes  satellite  with  a  frequency  below 
the  cut-off  frequency.  This  can  lead  to  an  apparent  EIT 
signature  if  a  specific  set  of  parameters  are  chosen. 

1  INTRODUCTION 

In  a  cold  unmagnetized  plasma  the  cut-off  frequency  for 
electromagnetic  radiation  is  equal  to  the  plasma  frequency, 
Lop.  It  was  suggested  by  S.E.  Harris  [1]  that  an  electromag¬ 
netic  wave  with  a  frequency  u> _  <  u>p  will  nevertheless 
propagate  in  the  presence  of  an  intense  pump  wave  with 
a  frequency  uj0  «  4-  up.  The  proposal  was  based  on 

the  fact  that  a  pump  wave  at  ljq  and  a  “Stokes”  wave  at 
uj-  combine  to  drive  a  plasma  wave  at  the  beat  frequency 
Aw  =  wo  —  w_ .  When  the  plasma  wave  is  driven  below 
resonance  (Aw  <  wp),  it  is  phased  such  that  the  beat  cur¬ 
rent  associated  with  the  pump  wave  and  the  plasma  wave 
tends  to  cancel  the  current  associated  with  the  Stokes  wave. 
This  reduces  the  amplitude  of  the  current  at  the  Stokes  fre¬ 
quency  which  allows  the  Stokes  wave  to  propagate  despite 
the  relation  w_  <  wp.  The  term  “electromagnetically  in¬ 
duced  transparency”  (EIT)  was  used  to  describe  this  pro¬ 
cess  because  of  its  similarity  to  the  analogous  process  of 
EIT  in  a  neutral  gas  which  has  been  studied  theoretically 
and  experimentally  for  some  time  [2]. 

Recently,  the  theory  of  EIT  in  a  plasma  was  extended 
to  account  for  relativistic  effects  and  the  presence  of  the 
“anti-Stokes”  wave  with  frequency  w+  «  w0  +  wp  [3]. 
This  was  done  by  considering  the  relativistic  Raman  dis¬ 
persion  relation  of  Ref.  [4]  in  the  limit  where  the  density 
exceeds  quarter-critical.  It  was  found  once  again  that  an 
anomalous  passband  appears  when  the  pump  wave  is  suffi¬ 
ciently  intense.  It  was  also  found  that  the  system  exhibits  a 
Raman-type  instability  even  when  the  plasma  is  overdense 
with  respect  to  the  Stokes  wave.  We  note,  however,  that  the 
dispersion  relation  used  to  arrive  at  these  conclusions  was 
derived  under  the  assumption  w o  wp.  We  will  present  a 
more  accurate  dispersion  relation  in  a  longer  paper  [5,  6], 

*  Work  supported  by  DOE  grant  DE-FG03-92ER40727. 


In  this  paper,  we  examine  the  effect  of  boundaries  on 
the  theory  of  EIT  in  a  plasma.  We  find  that  in  the  case 
of  a  bounded  system,  no  dispersion  relation  is  an  adequate 
measure  of  the  transparency  or  opacity  of  a  plasma.  This 
is  because  causality  plays  a  fundamental  role  in  the  EIT 
process.  In  particular,  the  plasma  wave  is  caused  by  the 
Stokes  wave,  yet  the  Stokes  wave  cannot  propagate  until 
the  plasma  wave  is  present.  The  result  is  that  the  Stokes 
wave  is  not  transmitted  even  though  the  dispersion  rela¬ 
tion  predicts  transparency.  On  the  other  hand,  when  the 
anti-Stokes  wave  drives  the  density  perturbation,  we  find 
that  a  Stokes  wave  can  be  generated  with  a  frequency  less 
than  u)p.  We  equate  this  process  with  the  cascading  of  a 
beatwave  (two-frequency  laser)  into  Stokes  and  anti-Stokes 
satellites.  Particle-in-cell  (PIC)  simulations  are  used  to  ver¬ 
ify  the  findings. 

2  UNBOUNDED  PLASMA 

From  the  point  of  view  of  classical  electrodynamics,  the 
transparency  or  opacity  of  a  medium  is  related  to  the  mag¬ 
nitude  and  phasing  of  the  currents  driven  within  it  by  elec¬ 
tromagnetic  waves.  In  one  dimension,  electromagnetic  ra¬ 
diation  is  described  by  the  wave  equation 


(dxx  -  du)A  =  -j  (1) 

where  A  is  some  transverse  component  of  the  vector  poten¬ 
tial  and  j  is  the  corresponding  component  of  current  den¬ 
sity.  Here,  and  in  all  that  follows,  velocity  is  normalized  to 
the  speed  of  light,  the  electron  has  unit  mass  and  charge, 
time  is  measured  in  units  of  lj~ x,  and  the  vector  potential 
is  normalized  to  mc2/e.  By  rewriting  the  wave  equation 
in  frequency  space  and  requiring  real  wavenumbers,  one 
obtains  the  inequality 


u?  >  -1  (2) 

A 

where  the  circumflex  denotes  a  Fourier-transformed  quan¬ 
tity. 

Now  consider  a  cold  unmagnetized  plasma  consisting 
of  electrons  with  density  1  +  ni(x,t)  and  an  immobile 
uniform  background  of  neutralizing  ions.  Conservation  of 
transverse  canonical  momentum  gives  the  current  as 


(1  +  ni)A 

7 


(3) 
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where  7  is  the  relativistic  Lorentz  factor  associated  with  a 
fluid  element.  Rewriting  this  in  frequency  space  and  insert¬ 
ing  the  result  into  equation  (2)  one  obtains 

w2  >  1  +  +  R(A )  (4) 

27 tA 

where  the  asterisk  denotes  convolution  and  R  is  some  op¬ 
erator  that  accounts  for  relativistic  effects.  We  henceforth 
drop  the  relativistic  term  since  for  the  parameters  consid¬ 
ered  it  is  not  important.  An  algebraic  relation  can  be  ob¬ 
tained  by  considering  two  discrete  electromagnetic  modes 

A  =  +  lA0ei(wot-fcol)  +  cc  (5) 

z  z 


and  one  discrete  plasma  wave  mode 


ni 


=  Ine*(Au>i-Afcs)  +  a. 


(6) 


If  the  frequencies  and  wavenumbers  are  related  by  Aw  = 
u>o  —  w-  and  Ak  =  ko  —  k- ,  then  by  inserting  A  and  ri\ 
into  equation  (4)  one  obtains 

n*A0 


w±  >  1  + 


2A_ 


(7) 


The  nonlinear  term  represents  current  at  the  frequency  w- 
driven  by  the  beating  of  the  pump  wave  Aq  with  the  plasma 
wave  n.  If  the  phasing  between  Aq,  A-,  and  n  is  chosen 
correctly,  this  term  could  be  negative.  In  this  case  the  in¬ 
equality  is  satisfied  for  a  range  of  frequencies  with  w-  <  1 
and  anomalous  transparency  occurs  for  those  frequencies. 
If  the  nonlinear  term  is  positive,  the  inequality  is  not  satis¬ 
fied  for  a  range  of  frequencies  with  w-  >  1  and  anomalous 
opacity  occurs  for  those  frequencies. 

In  order  to  specify  the  density  n  in  terms  of  the  electro¬ 
magnetic  field  amplitudes,  one  must  self-consistently  de¬ 
termine  the  frequencies  and  amplitudes  of  all  the  waves 
in  the  system.  The  classic  Raman  dispersion  relation  for 
a  cold  plasma  [7]  provides  an  immediate  solution  to  this 
problem.  It  is  well  known  that  in  the  context  of  the  Raman 
dispersion  relation,  one  has 

n  cx  Aq  {A-  +  A+)  (8) 


where  A+  is  the  amplitude  of  the  anti-Stokes  wave  with 
frequency  w+  =  wo  +  Aw.  It  is  clear  that  for  EIT  appli¬ 
cations,  one  must  have  A-  »  A+  since  only  then  will  the 
transparency  condition  of  equation  (7)  be  independent  of 
the  probe  amplitude  A- . 

Also  well  known  is  the  fact  that  the  Raman  dispersion 
relation  generally  has  four  branches  when  solved  for  com¬ 
plex  wavenumbers  and  real  frequencies.  As  will  be  dis¬ 
cussed  in  Ref.  [5],  and  as  has  been  partially  addressed  be¬ 
fore  [1,3],  two  of  the  branches  indicate  EIT  passbands  in 
the  regime  A+  »  A-,  while  the  other  two  branches  indi¬ 
cate  EIT  passbands  in  the  regime  A _  A+.  We  will  also 
show  in  Ref.  [5]  that  this  remains  true  when  the  relativistic 
dispersion  relation  is  used.  In  the  next  section,  however, 
we  show  that  these  passbands  effectively  disappear  when 
boundaries  are  introduced  into  the  problem. 


3  BOUNDED  PLASMA 

The  description  of  EIT  in  terms  of  the  Raman  dispersion  re¬ 
lation  is  limited  in  that  it  describes  only  the  normal  modes 
of  an  infinite  plasma.  This  information  is  only  useful  if 
it  can  be  related  to  the  problem  of  the  transmission  of  an 
electromagnetic  pulse  through  a  finite  plasma.  In  the  non¬ 
linear  regime,  it  is  not  necessarily  the  case  that  a  bounded 
medium  will  transmit  radiation  for  which  the  dispersion  re¬ 
lation  predicts  real  wavenumbers.  Consider  first  the  the 
case  where  A-  3>  A+.  In  this  case,  the  plasma  wave 
is  driven  mostly  by  the  Stokes  wave,  yet  the  Stokes  wave 
cannot  propagate  until  the  plasma  wave  is  present.  One 
might  conclude  therefore  that  the  Stokes  wave  never  pen¬ 
etrates  the  plasma.  This  conclusion  is  supported  by  one¬ 
dimensional  PIC  simulations,  as  discussed  below. 
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Figure  1:  Simulated  attempt  at  EIT  with  A-  A+  (a) 
transmitted  spectrum  of  the  electric  field  (b)  reflected  spec¬ 
trum  of  the  electric  field.  Frequencies  1.75  and  0.85  were 
injected.  The  data  is  normalized  to  the  spectral  amplitude 
of  the  incident  wave  at  w  =  0.85. 


In  the  case  where  A+  A_,  the  plasma  wave  is  driven 
mostly  by  the  anti-Stokes  wave  which  can  enter  the  plasma 
unaided.  Since  the  plasma  wave  is  independent  of  A- ,  so  is 
the  nonlinear  current  source  at  the  Stokes  frequency,  and  so 
too  are  any  waves  radiated  by  this  source.  In  other  words, 
the  pump  and  the  anti-Stokes  act  independently  to  gener¬ 
ate  a  Stokes  wave.  This  suggests  that  the  pump  and  the 
anti-Stokes  might  be  regarded  as  a  single  two-frequency 
pump,  or  “heatwave”,  which  drives  a  polarization  wave  at 
the  Stokes  frequency.  When  the  polarization  wave  oscil¬ 
lates  at  a  frequency  less  than  wp,  it  radiates  an  evanescent 
wave  from  every  point  in  the  plasma.  As  will  be  discussed 
in  detail  in  another  paper  [5],  the  sum  of  these  evanes¬ 
cent  waves  is  a  propagating  wave.  Although  within  the 
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plasma  this  wave  propagates  only  in  the  direction  of  the 
pump,  it  nevertheless  exits  the  plasma  equally  in  both  di¬ 
rections.  This  is  because  of  the  fact  that  signals  due  to 
sources  deep  within  the  plasma  cannot  interfere  with  sig¬ 
nals  due  to  sources  near  the  vacuum.  In  other  words,  the 
normal  phase  matching  conditions  do  not  apply.  This  will 
be  shown  analytically  in  Ref.  [5]. 

The  preceding  assertions  were  tested  using  one¬ 
dimensional  PIC  simulations.  In  the  two  simulations  pre¬ 
sented  here,  the  Stokes  and  anti-Stokes  amplitudes  are 
ramped  linearly  for  lOw"1,  and  remain  constant  thereafter. 
The  pump  wave  is  gaussian  with  a  standard  deviation  of 
1000;“ x.  The  three  waves  are  copropagated  into  a  uni¬ 
form  slab  of  plasma  30c/aip  long.  The  electrons  are  hot 
( vth  =  0.1c)  while  the  ions  are  held  fixed. 

Figure  1  shows  the  results  of  a  simulation  in  which  a 
pump  wave  with  Ab  =;3  and  cJq  =;75  was  copropa¬ 
gated  with  a  Stokes  wave  with  A-  =  0.03  and  =  0.85. 
According  to  the  dispersion  relation,  the  plasma  is  trans¬ 
parent  to  the  Stokes  wave  for  these  parameters  [5,6],  How¬ 
ever,  all  the  energy  in  the  incident  Stokes  wave  is  accounted 
for  by  the  peak  in  the  reflected  spectrum  at  w  =  0.85.  The 
peak  in  the  transmitted  spectrum  at  b  =  is  due  to  in¬ 
stability.  The  associated  wave  emerges  from  the  plasma 
late  and  continues  long  after  the  pump  disappears.  Sev¬ 
eral  other  simulations  were  attempted  with  A _  3>  A+, 
including  cases  with  longer  pulse  lengths,  gradual  plasma- 
vacuum  boundaries,  and  higher  pump  intensities.  In  every 
case  similar  results  were  obtained. 

Figure  2  shows  the  results  of  a  simulation  in  which  a 
pump  wave  with  Ab  =;3  and  cJo  =;75  was  coprop¬ 
agated  with  an  anti-Stokes  wave  with  A+  =  —0.1  and 
oJ2y  =;85  .  The  data  plotted  in  figures  2(a)  and  2(b) 

was  evaluated  10 c/up  beyond  the  plasma.  The  data  of  fig¬ 
ure  2(c)  was  evaluated  10c/wp  before  the  plasma.  We  see 
that  as  stated  above,  the  heatwave  generates  a  Stokes  satel¬ 
lite  which  exits  the  plasma  equally  in  both  directions.  We 
note  that  the  amplitude  of  the  Stokes  satellite  is  consistent 
with  the  ratio  A- A/  -  given  by  the  Raman  dispersion  rela¬ 
tion. 

Note  also  that  an  apparent  EIT  signature  can  be  ob¬ 
tained  if  in  addition  to  injecting  the  pump  wave  and  the 
anti-Stokes  wave,  one  also  injects  a  “probe”  wave  at  the 
Stokes  frequency  [5,  6].  When  the  amplitude  and  phase 
of  the  probe  wave  are  chosen  such  that  the  reflected  probe 
wave  destructively  interferes  with  the  backward  propagat¬ 
ing  Stokes  satellite,  the  probe  wave  appears  to  be  transmit¬ 
ted  with  a  transmission  coefficient  proportional  to  the  pump 
intensity.  This  is  not  the  same  as  true  EIT,  however,  since 
it  only  works  for  one  particular  probe  amplitude. 

4  CONCLUSIONS 

The  consideration  of  boundaries  is  crucial  to  a  full  under¬ 
standing  of  EIT  in  a  plasma.  The  dispersion  relation  only 
determines  the  ability  of  a  particular  mode  to  propagate, 
not  the  ability  of  a  pulse  to  penetrate  a  bounded  medium. 


vpt 


Figure  2:  Generation  of  Stokes  radiation  in  a  stopband  (a) 
waveform  of  the  transmitted  pump  wave  (b)  waveform  of 
the  forward  Stokes  (c)  waveform  of  the  backward  Stokes. 
The  injected  anti-Stokes  wave  is  not  shown. 


In  the  case  of  a  plasma,  radiation  can  be  generated  in  the 
stopband,  but  apparently  cannot  be  transmitted  through  it. 
A  consequence  of  these  findings  is  that  a  two-frequency 
laser  will  cascade  into  Stokes  satellites  not  only  above  the 
plasma  frequency,  but  also  below  it. 
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Abstract 

This  paper  presents  a  brief  discussion  of  ultra-short  laser 
pulse  propagation  and  laser  wakefield  acceleration  in 
plasma  channels.  An  envelope  equation  for  the  perturbed 
laser  beam  radius  is  given,  including  finite-pulse  length 
and  nonlinear  effects.  Angular  distribution  of  electrons 
generated  by  the  process  of  laser  ionization  and 
ponderomotive  acceleration  (LIPA)  is  also  discussed.  An 
example  of  laser  wakefield  acceleration  to  electron  energies 
greater  than  1.2  GeV  in  a  preformed  plasma  channel  is 
described. 

1  INTRODUCTION 

Electron  acceleration  in  a  laser  wakefield  is  limited  by  a 
number  of  processes,  including  electron  slippage  and  laser 
beam  diffraction.  To  reduce  the  effects  of  diffraction  the 
laser  pulse  can  be  propagated  in  a  preformed  plasma 
channel  having  a  suitable  (parabolic)  radial  density  profile. 
In  plasma  channels  propagation  distances  much  longer 
than  a  vacuum  Rayleigh  range,  ZR0  =  nr02/X,  can  be 
achieved  [1-3].  Here,  r0  is  the  laser  spot  size  and  X  is  the 
vacuum  wavelength.  Finite  pulse  length  effects  can 
modify  the  propagation  dynamics  in  long  channels.  Short 
pulse  effects  lead  to  envelop  modulation,  damping  due  to 
phase  mixing,  and  group  velocity  dispersion  [3,4],  An 
envelope  equation  for  the  perturbed  pulse  envelope  is 
presented  which  includes  these  effects  along  with 
nonlinearity  [3],  A  second  topic  discussed  is  the 
generation  of  electrons  by  laser  ionization  and 
ponderomotive  acceleration  (LIPA)  [5].  By  means  of 
LIPA  electrons  can  be  stripped  from  atoms  in  the  region 
of  high  laser  intensity  and  accelerated  by  the 
ponderomotive  force.  Finally,  an  example  of  laser 
wakefield  acceleration  of  electrons  to  1.2  GeV  in  a  15-cm 
long  plasma  channel  is  described. 

2  ENVELOPE  EQUATION 

An  envelope  equation  for  the  radius  of  the  laser  pulse 
propagating  in  a  channel  can  be  obtained  by  assuming  the 
slowly-varying  form  for  the  electric  field,  E  =  (E0  12) 
exp[i(fe  -  OX)]ex  +  c.c.,  where  E0(r,  t)  is  the  amplitude,  k 
is  the  wavenumber,  co  =  2 nctX  and  c  is  speed  of  light  in 


vacuo.  The  amplitude  E0  is  assumed  to  be  expressible  as 
E0  =  b  exp[i0-  (1  -  ifyA/r2],  where  b  is  the  amplitude,  <p 
is  the  phase,  0  is  related  to  the  wavefront  curvature  and  rs 
is  the  spot  size.  The  variables  b,  (p,  6,  rs  are  taken  to  be 
real  and  slowly  varying  functions  of  z  and  t.  The  radial 
dependence  of  the  plasma  frequency  is  given  by 

®P(r)  =  [l  +  (A n/npo)(r/rc)2f\ 

where  npo  is  the  on  axis  density,  +  An  is  the 
density  at  the  edge  of  the  plasma  channel  ( r  =  rc),  cop0  = 
(47mp0q2/m)l/2  is  the  plasma  frequency  on  axis,  q  is  the 
charge  and  m  is  the  mass  of  an  electron.  The  focusing 
parameter  associated  with  the  channel  is  Kc  = 
(<Op0/c)(zln/np0)1/2.  Making  use  of  the  source-dependent 
expansion  approach  [6],  the  equilibrium  radius  is  found  to 
be  given  by  req  =  rm  (1  -  P)m,  where  rm  =  (2rc/Kc)in  is  the 
matched  beam  radius,  P  is  the  laser  power  normalized  to 
the  critical  power  for  focusing,  rc  is  radius  of  the  parabolic 
channel  and  Kc  is  the  on  axis  plasma  wavenumber  [3].  In 
the  limit  P  «  1  the  envelope  equation  for  the  perturbed 
laser  pulse  radius,  normalized  to  r0,  and  is  given  by 

d25R  4_  _  4e  d28R  32e£  dSR 

dZ2  +  n2  n2  dZdt;  +  n2  dZ  ~  ’ 

where  Z  =  z/ZR0,  £  =  (z  -  cnt)l  1^,  n  =  ck/a>  is  the 
refractive  index,  an  initial  axial  profile  b(z  =  0)  ~  exp(- 
4  £7  V)  has  been  assumed  and  e  =  A/(2^10)  «  1.  The 
solution  to  this  equation  is 

8R  =  SRq  cos(2Z  /  n)  exp(-l  6e£Z  /  n2  -  16e2Z2  /  n4 ), 

where  5R0  is  a  constant.  The  first  term  in  the  exponential 
leads  to  modulation  of  the  pulse,  with  the  back  of  the 
pulse  (f  <  0)  growing  and  the  front  (f  >  0)  damped.  The 
second  term  in  the  exponential  is  due  to  phase  mixing  and 
leads  to  damping  of  the  perturbation. 

The  modulation  and  damping  predicted  by  the  envelope 
equation  has  been  observed  in  a  2-D  simulation  of  laser 


♦Work  supported  by  DoE  &  ONR.  The  authors  acknowledge  the 
assistance  of  J.  Penano  in  preparing  the  computer  graphics. 

*  Email:sprangle@ppd.nrl.navy.mil 

+  Icarus  Research,  Inc.  PO  Box  30780,  Bethesda,  MD  20824-0780 

*  Hebrew  University,  Jerusalem,  Israel 


0-7803-5573-3/99/$  1 0.00  @  1999  IEEE. 


3687 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


propagation  in  a  channel.  At  early  times,  SR  should 
exhibit  growth  or  damping  at  the  normalized  linear  rate 
r(Q  =  -16e£/n2.  The  simulation  rate  F  is  determined 
from  a  semi-logarithmic  plot  of  SR  against  z,  fitting  the 
peaks  of  the  oscillations.  The  laser  parameters  were 
A  =  0.8  fim,  Iq  =  24  fim,  r0  =  14.5  fim,  and  ZR  =  0.083 
cm.  Figure  1  is  a  plot  of  F(Q  (diamonds)  from 
simulation  using  the  code  described  in  [2].  The  straight 
line  is  the  analytical  growth  or  damping  rate.  As 
expected,  the  front  of  the  beam  is  damped,  while  the  back 
exhibits  growth  in  SR.  The  simulation  results 
consistently  lie  below  the  theoretical  growth  rate.  This  is 
due  to  the  phase  mix  damping  contained  in  the  last  term 
in  the  SR  equation.  The  long  time  behavior  in  the 
simulations  is  eventually  dominated  by  the  phase  mixing 
term  and  exhibits  the  expected  damping  in  z2. 


?  OH 


Fig.  1 .  Linear  growth  or  damping  rate  F  versus  position 
C  within  the  pulse.  The  diamonds  are  from  the  simulation 
code,  and  the  solid  line  is  from  the  analytical  solution  for 
SR. 

In  the  high  power  limit,  P  <  1,  there  are  additional 
contributions  to  the  envelope  equation,  arising  from 
nonlinearities  such  as  the  relativistic  focusing  effect  [3]. 
Short  pulse  effects  lead  to  substantial  modification  of  the 
nonlinear  focusing  processes.  Figure  2  is  a  surface  plot  of 
the  spot  size  R  as  a  function  of  £/A  and  Z,  with  (a)  finite 
pulse  length  effects  (e  *  0)  and  (b)  finite  pulse  length 
effects  neglected  (£  -  0).  The  parameters  are  A  =  1  fim, 
lo  =  20  fim  and  P  =  0.56.  This  plot  shows  the  envelope 
modulation  and  significant  enhancement  of  nonlinear 
focusing. 

3  LASER  IONIZATION  AND 
PONDEROMOTIVE  ACCELERATION 

In  tunneling  ionization  the  electric  field  of  the  laser 
depresses  the  Coulomb  barrier  in  the  atom  allowing  an 


electron  to  tunnel  through.  When  an  electron  is  released 
from  an  atom  in  the  presence  of  the  laser  field  the 
ponderomotive  force  can  accelerate  it  to  relatively  high 
energies  depending  on  the  laser  intensity.  Laser 
acceleration  and  ponderomotive  acceleration  (LIPA)  [5]  can 
be  a  source  of  high  brightness  electrons  for  injection  into 
laser  driven  accelerators.  In  LIPA,  the  electrons  are  ejected 
from  essentially  a  point  source  and  are  highly  collimated 
when  the  laser  beam  is  linearly  polarized  [5],  This  is 
borne  out  by  recent  experimental  results  at  the  Naval 
Research  Laboratory  [5].  The  electrons  are  ejected  into  a 
forward  cone  with  half  angle  given  by 

t?  =  tan"1  ^2/(y -1), 

where  y  is  the  relativistic  factor  of  the  accelerated 
electrons. 

4  ELECTRON  ACCELERATION  IN  A 
PLASMA  CHANNEL 

Laser  wakefield  acceleration  in  a  preformed  plasma  channel 
can  result  in  significant  energy  gain.  As  an  example 
consider  a  1  fim  wavelength,  1,,  =  50  fim,  circularly 
polarized  laser  pulse  with  spot  size  r0  =  30  /im  and 
intensity  2.75  X1018  W/cm2  that  is  matched  to  a  plasma 
channel  with  on  axis  plasma  wavelength  2 kc/(Ov0  =  75 
fim  (on-axis  density  2X 1017  cm'3).  In  this  case  the  peak 
accelerating  gradient  associated  with  the  wakefield  is  ~  24 
GV/m  and  the  peak  transverse  electric  focusing  field  is  ~  5 
GV/m.  Figure  3  is  a  plot  of  energy  as  a  function  of 
propagation  distance  z  for  an  electron  that  is  injected  into 
the  wakefield  locally;  for  example  by  the  LIPA  process. 
For  this  electron,  injected  on  axis  behind  the  laser  pulse 
with  axial  momentum  0.3  me,  the  plot  shows  that 
energies  in  excess  of  1 .2  GeV  can  be  reached  in  a  distance 
~  15  cm  (~  54  ZR0).  Beyond  this  length,  phase  slippage 
occurs  and  the  energy  decreases. 

5  CONCLUSIONS 

This  paper  presents  highlights  of  a  number  of  interesting 
results  associated  with  high  intensity  short  pulse  lasers. 
A  brief  discussion  of  ultra-short  laser  pulse  propagation 
and  laser  wakefield  acceleration  in  preformed  plasma 
channels  is  given.  In  particular,  an  envelope  equation  for 
the  perturbed  laser  beam  radius,  including  finite-pulse 
length  and  nonlinear  effects,  is  discussed.  Angular 
distribution  of  electrons  generated  by  the  process  of  laser 
ionization  and  ponderomotive  acceleration  is  also 
mentioned.  An  example  of  laser  wakefield  acceleration  to 
electron  energies  greater  than  1.2  GeV  in  a  preformed 
plasma  channel  is  described. 
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Fig.  2  Surface  plot  of  spot  size  R  as  a  function  of  f/A  and 
propagation  distance  z-  In  (a)  finite  pulse  length  effects 
are  include  while  in  (b)  finite  pulse  length  effects  are 
neglected. 
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Fig.  3.  Plot  of  electron  energy  gain  due  to  laser  wakefield 
acceleration  versus  distance  along  a  preformed  plasma 
channel. 
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Abstract 

A  new  method  of  optical  guiding  for  the  laser  wakefield  ac¬ 
celeration  using  an  imploding  phase  of  a  gas-filled  fast  cap¬ 
illary  discharge  has  been  proposed.  An  imploding  plasma 
column  has  a  concave  electron  density  profile  in  the  radial 
direction  just  before  a  stagnation  phase  driven  by  a  con¬ 
verging  current  sheet  and  shock  wave.  The  feasibility  of 
optical  guiding  of  high  intensity  laser  pulses  using  an  im¬ 
ploding  phase  of  the  fast  capillary  discharge  has  been  ex¬ 
perimentally  demonstrated  over  a  distance  of  2  cm  corre¬ 
sponding  to  M2.5  times  the  Rayleigh  length.  A  high  inten¬ 
sity  laser  pulse  (>  1017  W/cm2)  focused  on  the  front  edge 
of  the  capillary  has  propagated  through  the  center  of  the 
column  maintaining  its  spot  size.  The  electron  density  in 
the  fully  ionized  channel  is  estimated  to  be  6.0  x  1016cm”3 
on  the  axis  and  1.5  xlO18  cm"3  on  the  peaks  with  the  di¬ 
ameter  of  70  /rm. 

1  INTRODUCTION 

In  order  to  increase  the  energy  gain  of  electrons  accelerated 
by  the  laser  wake-fields,  it  is  a  critical  issue  to  propagate  a 
high  intensity  short  laser  pulse  in  a  plasma  larger  than  the 
vacuum  Rayleigh  length  limited  by  diffraction.  [1]  Several 
methods  for  extending  the  propagation  distances  of  intense 
laser  pulses  have  been  proposed:  relativistic  self-guiding 
in  a  plasma  [2]  and  guiding  in  preformed  plasma  channels 
generated  by  a  focused  laser  pulse  [3]  or  by  slow  discharge 
through  a  capillary  in  vacuum.  [4]  For  the  optical  guiding  of 
laser  pulses,  the  electron  density  profile  must  be  symmetric 
in  the  radial  direction  and  have  a  minimum  on  the  axis, 
causing  the  wavefront  to  curve  inward  and  the  laser  beam 
to  converge.  When  this  focusing  force  is  strong  enough 
to  counteract  the  diffraction  of  the  beam,  the  laser  pulse 
can  propagate  over  a  long  distance  and  maintain  a  small 
beam  spot  size  in  a  plasma.  For  the  guiding  of  intense  ultra- 
short  laser  pulses  shorter  than  the  plasma  wavelength,  it  is 
predicted  that  the  relativistic  self-channeling  is  ineffective 
in  preventing  diffraction,  but  the  preformed  plasma  channel 
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can  provide  a  robust  optical  guiding.  [5] 

We  have  presented  the  first  direct  observation  of  optical 
guiding  of  high  intensity  laser  pulses  over  2  cm  through 
a  plasma  channel  produced  by  an  imploding  phase  of  fast 
Z-pinch  discharge  in  a  gas-filled  capillary. 

2  FAST  CAPILLARY  DISCHARGE 

A  high  current  fast  Z-pinch  discharge  generates  strong  az¬ 
imuthal  magnetic  field,  which  contracts  the  plasma  radially 
inward  down  to  ~  100  /rm  in  diameter.  The  imploding 
current  sheet  drives  the  converging  shock  wave  ahead  of 
it,  producing  a  concave  electron  density  profile  in  the  ra¬ 
dial  direction  just  before  the  stagnation  phase.  The  concave 
profile  is  approximately  parabolic  out  to  a  radius  of  ~  50 
/rm,  after  which  the  density  falls  off. 

In  the  research  of  capillary  discharge  pumped  X-ray 
laser,  it  has  been  shown  that  stable  and  reproducible  chan¬ 
nel  can  be  produced  by  this  scheme,  and  this  scheme  can 
be  scalable  to  form  longer  and  higher  density  channels  by 
tailoring  of  the  implosion.  [6]  It  was  reported  that  a  sta¬ 
ble,  liner  plasma  column  over  the  length  of  12  cm  could  be 
produced  at  an  electron  density  of  more  than  1019  cm-3. 
[7] 

For  the  laser  wakefield  acceleration  (LWFA),  a  plasma 
channel  with  a  density  in  the  order  of  1017  cm-3  and  a 
length  of  ~  10  cm  will  be  required.  [1]  We  have  started  a 
study  of  optical  wave-guiding  in  the  density  range  of  1016 
-  1018  cm-3  as  the  first  step  for  application  of  the  chan¬ 
nel  guided  LWFA.  Since  the  density  profile  in  the  capillary 
depends  strongly  on  the  discharge  process,  we  have  exper¬ 
imentally  investigated  the  discharge  dynamics  and  plasma 
channel  formation. 

3  OPTICAL  GUIDING  EXPERIMENT 

The  typical  experimental  setup  is  shown  in  Fig  1.  We  have 
used  a  capillary  with  an  inner  diameter  of  1  mm  and  a 
length  of  up  to  2  cm  which  was  bored  at  the  central  axis 
of  an  alumina  (AI2O3)  rod  of  50  mm  in  diameter.  The  cap¬ 
illary  load  was  placed  between  two  electrodes  with  an  in- 
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ner  diameter  of  400  /xm  which  were  made  of  molybdenum. 
The  electrodes  were  cylindrically  connected  to  a  thyratron 
(EG&G  HY-5)  and  four  ceramic  capacitors  of  2  nF  using 
four  coaxial  cables.  The  capacitor  was  charged  up  to  20 
kV  (1.6  J).  With  this  configuration,  the  discharge  current 
which  was  monitored  by  a  Rogowski  coil  having  a  peak  of 
2.4  kA  with  a  rise  time  of  about  20  ns  and  a  duration  of  70 
ns  (FWMH).  The  capillary  was  filled  with  helium,  under 
differential  pumping  at  an  initial  pressure  which  was  var¬ 
ied  from  0.5  to  5  Torr.  A  DC  discharge  circuit  was  used  to 
form  an  uniformly  preionized  helium  gas. 


Figure  1:  Experimental  setup  of  a  fast  capillary  discharge 
for  a  plasma  waveguide.  A  typical  electron  density  profile 
of  the  implosion  phase  of  the  fast  capillary  discharge  in  the 
radial  direction  is  illustrated  in  the  circle. 

The  discharge  dynamics  was  observed  with  a  streak  cam¬ 
era  (HAMAMATSU  C-2830)  placed  on  the  capillary  axis. 
The  visible  light  emission  from  the  capillary  was  imaged 
on  the  streak-camera  slit  through  a  telescope  (x  20).  To 
investigate  the  guiding  channel  formation  in  the  capillary, 
a  He-Ne  laser  beam  (A  =  632.8  nm  )  was  focused  on  the 
front  edge  of  the  capillary  to  a  spot  size  of  40  /xm  in  diam¬ 
eter  by  means  of  a  F*  =  20  lens.  The  transmitted  He-Ne 
laser  beam  profile  at  the  exit  of  the  capillary  was  observed 
through  a  band  pass  filter  (AA  =  1  nm),  with  the  streak  cam¬ 
era.  As  a  further  investigation,  a  high  intensity  Ti-Sapphire 
laser  pulse  (A  =  790  nm,  90  fs,  >  1  x  1017  W/cm2  )  was  fo¬ 
cused  on  the  front  edge  of  the  capillary  to  a  spot  size  of  40 
/xm  in  diameter  by  means  of  a  F*  =  12  off-axis  parabolic 
mirror.  The  transmitted  laser  beam  profile  at  the  exit  of  the 
capillary  was  observed  through  a  band  pass  filter  (AA  =  10 
nm),  with  a  CCD  camera. 

4  RESULTS 

Figure.2  shows  a  typical  streak  image  of  the  plasma  emis¬ 
sion  for  the  initial  pressure  of  0.9  Torr,  together  with  the 
intensity  profile  along  the  radial  direction  at  t  =  8.5  ns. 
The  emission  from  only  the  central  portion  of  the  capil¬ 


lary  with  a  diameter  less  than  400  /xm  was  imaged  on  the 
streak  camera.  We  found  that  the  compression  of  the  col¬ 
umn  produced  a  luminous  region  at  t  =  2.5  ns,  which  ex¬ 
hibits  good  symmetry  with  respect  to  the  axis.  Then,  the 
luminous  region  on  the  axis  faded  out  during  expansion  of 
the  column.  Later,  the  second  implosion  driven  by  a  larger 
current  produced  a  brighter  luminous  region  at  t  =  8.5  ns. 
It  again  maintains  good  symmetry  with  respect  to  the  axis. 
In  addition,  as  shown  in  Fig.2(b),  it  had  a  clear  dip  with  a 
width  of  70  /xm  on  the  axis.  The  column  oscillated  in  the 
radial  direction  several  times  while  the  main  power  pulse 
was  alive. 

I _ 400pm _ I 


Axis 


Figure  2:  (a)  A  typical  streak  image  of  the  capillary  dis¬ 
charge  at  an  initial  pressure  of  0.9  Torr  He  :  t  =  0  corre¬ 
sponds  to  the  beginning  of  the  main  discharge  pulse,  (b) 
The  radial  intensity  profile  of  the  plasma  emission  was  t  = 
8.5  ns. 

We  have  observed  the  brightness  and  the  radial  profile 
of  the  transmitted  He-Ne  laser  beam  and  high  intensity  Ti- 
sapphire  laser  pulses  through  the  capillary  at  the  exit.  A 
typical  streak  image  of  the  transmitted  He-Ne  laser  beam 
profile  through  the  capillary  discharge  plasma  can  be  seen 
in  Fig.3.  Since  the  observed  time  window  of  Fig.3  almost 
coincided  with  that  of  Fig.2(a),  the  beam  profile  evolution 
could  be  correlated  with  the  discharge  dynamics.  As  shown 
in  Fig.3,  the  beam  radius  gradually  contracted  in  the  sec¬ 
ond  implosion  phase  and  a  brightly  enhanced  smaller  beam 
spot  could  be  observed  at  the  time  (t  ~  8.5  ns)  when  the 
luminous  profile  exhibited  double  peaks  in  Fig.2.  The  ob¬ 
served  spot  image  size  (  diameter  )  was  ~  40  /xm  at  the 
exit  of  the  capillary.  These  results  suggest  that  the  guiding 
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channel  was  uniformly  formed  in  the  core  of  the  column  at 
the  second  implosion  phase.  Figure  4  shows  typical  CCD 
images  of  the  transmitted  high  intensity  Ti-sapphire  laser 
pulse  profile  through  the  capillary  discharge  plasma  at  t  = 
0  ns  (a)  and  at  t  ~  8.5  ns  (b).  These  show  clearly  that 
a  high  intensity  laser  pulse  could  be  guided  through  the 
channel  over  a  distance  of  2  cm  corresponding  to  ~  12.5 
Zr o,  where  Zr0  ~  1.6  mm  is  the  Rayleigh  length  of  the 
Ti-Sapphire  laser  system. 


Figure  3:  A  typical  streak  image  of  the  transmitted  He-Ne 
laser  beam  through  the  capillary  at  an  initial  pressure  of  0.9 
Torr  He  :  t  =  0  corresponds  to  the  beginning  of  the  main 
discharge  pulse. 


The  electron  density  profile  in  the  channel  was  estimated 
by  corroborating  the  transmitted  laser  images  with  the  re¬ 
sults  of  ray  trace  calculation  [8]  .  We  assumed  that  the 
electron  density  profile  of  the  channel  in  the  radial  direc¬ 
tion  was  parabolic  and  the  channel  was  fully  ionized  with 
the  electron  density  on  the  axis  is  of  6.0  x  1016cm~3  which 
was  twice  the  initial  gas  density.  These  were  based  on 
results  of  the  1D-MHD  simulation  using  code  MULTI-Z. 
[6,  9,  10]  We  also  assumed  that  the  incident  laser  had  a 
radial  Gaussian  profile,  the  channel  was  uniform  over  the 
channel  length  and  the  channel  radius  rch  was  35  /jm  ac¬ 
cording  to  the  observed  value.  Under  these  assumptions, 
we  can  estimate  the  electron  density  on  the  peaks  of  the 
channel  to  be  1.5  x  1018  cm-3  and  the  density  gradient  to 
be  ~  4  xlO20  cm-4.  The  matched  beam  radius  rm  was 
given  by  rm  =  [r^/(freAn)] 1/4,  where  An  was  the  chan¬ 
nel  depth  and  re  =  e2  /  me 2  was  the  classical  electron  ra¬ 
dius.  [5]  With  rch  -  35  /rm  and  An  ~  1.5  x  1018  cm-3, 
the  matched  beam  radius  is  rm  ~  17  /rm.  The  observed 
spot  radius  of  ~  20  /rm  was  consistent  with  this  value. 


5  SUMMARY 

In  summary,  we  have  presented  the  optical  guiding  of  high 
intensity  laser  pulse  using  an  imploding  phase  of  a  gas- 


Figure  4:  Typical  CCD  images  of  the  transmitted  a  high 
intensity  Ti-Sapphire  laser  pulse  (~  1  x  1017  W/cm2) 
through  the  capillary  at  an  initial  pressure  of  0.9  Torr  He: 
The  capillary  length  L  =  2cm.  (a)  t  =  0  ns  (b)  t  ~  8.5  ns. 


filled  capillary  discharge  and  experimentally  investigated 
the  guiding  channel  formation  in  the  capillary.  The  results 
indicate  that  the  imploding  column  could  uniformly  pro¬ 
duce  a  concave  electron  density  profile  in  its  core  over  a 
distance  of  2  cm.  The  electron  density  in  the  fully  ionized 
channel  was  estimated  to  be  6.0  x  1016  cm-3  on  the  axis 
and  1.5  x  1018  cm-3  on  the  peaks  with  a  diameter  of  70 
/rm.  The  optical  guiding  of  high  intensity  laser  pulses  (  > 
1  x  1017  W/cm2)  was  experimentally  demonstrated  in  the 
second  imploding  phase  of  the  discharge. 
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Abstract 

Laser-driven  accelerators  require  guiding  of  the  laser 
pulse  over  many  Rayleigh  lengths.  Plasma  channels  such 
as  those  produced  by  a  capillary  discharge  have  been 
shown  experimentally  to  be  capable  of  guiding  intense 
laser  pulses  over  distances  as  long  as  6  cm.  Simulations 
of  laser  propagation  in  these  channels  show  that  the  laser 
pulse  radius  undergoes  oscillations  about  the  matched 
radius  at  the  expected  frequency.  The  pulse  may  be 
distorted  by  several  effects,  including  laser-generated 
ionization.  Experiments  to  date  have  been  at  relatively 
high  densities  (1018  -  1019  cm"3).  For  standard  laser 
wakefield  accelerator  applications,  the  channel  density  is 
likely  to  be  substantially  lower.  As  expected,  simulations 
in  this  lower  density  regime  show  lower  accelerating 
gradients,  larger  laser  spot  sizes,  and  higher  wakefield 
phase  velocities  and  dephasing-limited  energy  gain. 

1  INTRODUCTION 

The  laser  wakefield  accelerator  (LWFA)  [1,2]  has 
emerged  as  a  leading  candidate  among  various  advanced 
accelerator  concepts.  However,  the  single-stage  energy 
gain  will  be  severely  limited  by  diffraction  of  the  laser 
pulse  unless  the  beam  is  optically  guided.  Preformed 
plasma  channels  offer  a  promising  method  for  providing 
such  guiding.  Channels  produced  by  an  axicon-focused 
laser  [3]  or  capillary  discharge  [4-7]  have  successfully 
guided  laser  pulses  over  distances  of  several  cm. 

Several  LWFA  experiments  [8,9]  have  produced  very 
large  accelerating  gradients  (>10  GV/m)  and  high 
energies  (-100  MeV),  but  these  experiments  operate  in 
the  highly-unstable  self-modulated  regime  and  produce 
poor  beam  quality.  Experiments  in  the  standard  LWFA 
regime  have  to  date  produced  moderate  energy  gain  [10]. 

This  paper  describes  simulations  of  laser  pulses  in 
plasma  channels  similar  to  those  used  in  recent  capillary 
discharge  guiding  experiments.  The  analysis  is  extended 
the  lower  plasma  density  regime  which  will  be  used  in 
future  channel-guided  LWFA  experiments. 
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2  LASER  PROPAGATION  IN  DENSITY 
CHANNELS 

2.1  Theory  for  an  Ideal  Density  Channel 

Refractive  guiding  of  a  laser  pulse  can  occur  if  the  index 
of  refraction  peaks  on-axis  [2-7,11].  A  plasma  channel 
with  an  on-axis  density  minimum  produces  the  desired 
effect.  For  an  ideal  channel,  the  plasma  density  is 
assumed  to  be  parabolic,  with  n  =  n0  +  An( r/rch)\  where 
n0  is  the  on-axis  density,  r  is  the  distance  from  the  axis, 
An  is  the  channel  depth,  and  rch  is  the  channel  radius.  The 
laser  pulse  is  assumed  to  have  a  Gaussian  radial  profile, 
with  normalized  vector  potential  a  =  a0exp(-r/rL2),  where 
rL  is  the  laser  spot  size. 

The  assumptions  above  lead  to  an  envelope  equation 
for  rjz)  in  which  the  spot  size  oscillates  about  the 
equilibrium  or  matched  radius  rM  given  by 

rM  =(rch  /JtfeAn}1/4,  (1) 

where  rt  is  the  classical  electron  radius.  The  oscillations 
have  a  period  given  by  Xe  =  nLM,  where  ZM  =  ( icrMf/X  is 
the  Rayleigh  length  for  the  matched  spot  size  rM. 

2.2  Laser  Guiding  Experiments  with  Capillary 
Discharges 

A  capillary  discharge  provides  a  simple,  controllable 
method  for  generating  a  narrow  plasma  column  suitable 
for  laser  guiding  [4-7].  The  device  consists  of  a  thin 
cylinder  of  insulating  material  with  high  voltage 
electrodes  at  the  ends.  The  plasma  is  generated  from 
material  from  the  inner  insulating  wall  of  the  capillary. 
Double  capillary  designs  [12]  employ  a  short  higher 
voltage  trigger  section  preceding  the  main  capillary. 
Hydrodynamic  simulations  [12]  and  Stark  broadening 
measurements  [5]  indicate  a  period  of  time  during  which 
the  plasma  has  an  off-axis  maximum  in  the  density  at  a 
distance  rch  which  is  typically  50-70%  of  the  wall  radius. 

Initial  experiments  [4,5]  utilized  a  linearly-polarized 
Ti-sapphire  laser  with  pulse  length  tL  =  100  fs, 
wavelength  X  =  0.8  |im,  and  peak  power  P0  up  to  0.1 
TW.  The  pulses  were  focused  onto  the  entrance  of  the 
capillary  with  a  focused  spot  size  of  15  pm.  Experiments 
with  1  cm  long  cylindrical  capillaries  [4]  demonstrated 
transport  efficiencies  of  up  to  85%  in  both  straight  and 
curved  configurations.  When  the  discharge  was  not 
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triggered,  transport  efficiencies  dropped  dramatically, 
and  the  transported  laser  spot  appeared  to  fill  the 
capillary.  Laser  guiding  experiments  were  also 
performed  in  2,  3  and  6.6  cm  long  capillaries  [5].  In  the 
latter  case,  the  pulse  radius  at  capillary  exit  was  <25  pm 
and  did  not  vary  greatly  with  variations  of  the  discharge 
parameters.  The  transport  distance  was  ~30  ZM.  Light 
transmission  was  -10%  in  comparison  to  the  -1% 
without  the  discharge.  Collisional  absorption  is  likely  to 
be  the  dominant  loss  mechanism,  although  ionization- 
induced  losses  cannot  be  discounted  [5]. 

Accelerator  applications  require  substantially  higher 
intensities  than  are  produced  by  this  laser.  To  investigate 
the  high  intensity  regime,  capillary  discharge 
experiments  have  recently  been  carried  out  using  the  T3 
laser  at  the  Naval  Research  Laboratory  [6,7].  The  laser 
has  a  1.06  pm  wavelength,  a  400  fs  pulse  length,  and 
peak  power  exceeding  2  TW.  A  2  cm  long  double 
capillary  was  used.  The  focused  intensities  in  these 
experiments  exceeded  1017  W/cm2.  Transport  efficiencies 
were  generally  higher  than  at  lower  intensities 

2.3  Laser  Guiding  Simulations 

Simulations  of  laser  propagation  in  plasma  channels 
have  been  carried  out  using  the  LEM  2-D,  axisymmetric 
code  developed  by  Krall,  et  al.  [13].  Nonlinear  wave 
equations  are  solved  for  the  normalized  potentials,  and 
the  plasma  response  is  treated  with  a  cold  fluid  model. 
The  evolution  of  the  pulse  is  followed  in  a  speed-of-light 
system  with  coordinates  r,  £  =  ct-z,  and  x=  t. 

Figure  1  plots  the  spot  size  rL(z)  for  three  simulations 
in  a  2  cm  long  channel  with  rch  =  100  pm,  similar  to  that 
used  in  the  guiding  experiments  described  above  [5].  The 
spot  size  is  calculated  at  a  reference  point  near  the  center 
of  the  100  fs  long,  0.8  pm  wavelength  pulse.  The 
entrance  to  the  channel  is  near  the  initial  focus  at  z  =  0.3 
cm,  and  the  pulse  exits  the  channel  into  vacuum  at  z  = 
2.3  cm.  The  solid  curve  has  rt0  =  5xl018  cm'3,  and  An  = 
3xl018  cm'3  and  is  nearly  identical  to  the  dashed  curve, 
which  raises  n0  to  1.5xl019  cm'3.  However,  the  dotted 
curve,  which  has  a  small  reduction  in  An  (2.8xl018  cm'3), 
produces  a  small  but  noticeable  shift  in  the  spot  size 
oscillation  wavelength  Xe,  leading  to  a  significant  shift  in 
the  spot  size  trajectory  after  it  exits  the  channel.  This  is 
consistent  with  the  predictions  of  Section  2.1,  that  rM  and 
Xe  are  independent  of  n0  and  scale  only  with  An. 
Experimental  measurements  of  post-capillary  expansion 
of  the  beam  show  shot-to-shot  variations  which  can  be 
attributed  to  small  changes  in  An. 

The  pulse  may  be  distorted  by  a  number  of  effects 
which  are  not  contained  in  the  simple  envelope  models. 
For  example,  the  intense  laser  pulse  may  ionize  the 
carbon  originating  from  the  polyethylene  capillary  wall 
to  higher  charge  states.  This  will  tend  to  increase  the 
plasma  density  near  the  axis,  which  inhibits  the  guiding 
effects  and  may  cause  the  pulse  profile  to  hollow  [4], 


Finite  pulse  length  effects  [14]  may  also  distort  the  pulse, 
causing  growth  and  damping  of  envelope  oscillations. 


Fig.  1.  Simulation  results  for  laser  guiding  and  post¬ 
capillary  expansion  for  three  cases  with  different  values 
of  n0  and  An.  Parameters  are  described  in  the  text. 

3  CHANNEL-GUIDED  LASER 
WAKEFIELD  ACCELERATORS 

3.1  Scaling  for  LWFA  Performance 

The  channel  guiding  method  described  above  may  be 
adapted  to  laser  wakefield  acceleration.  However,  to  be 
in  the  optimal  regime  for  a  standard  LWFA,  the 
resonance  ratio  ar  =  cxL/Xl>  should  be  -0.5  [1,2].  Here, 
the  nominal  plasma  wavelength  =  2nr/a>po,  and  cop0  = 
(4m0e2/m)l/2  is  the  on-axis  plasma  frequency.  If  ar  and  xL 
are  specified,  the  on-axis  density  n0  =  ( mn/e2)( a/xj2.  For 
X i  >  100  fsec,  and  ar  -  0.5,  n0  <  3.5xl017  cm'3,  which  is 
much  lower  than  n0  values  in  current  experiments  [3-7]. 

Analytical  models  for  predicting  LWFA  performance 
are  usually  based  on  such  physics  parameters  as  a0,  X, 
and  Xp.  The  primary  performance  quantities  are  the  peak 
accelerating  electric  field  Em,  the  dephasing  distance  Ld, 
and  the  dephasing-limited  energy  gain  Wd  =  mcyd.  If  the 
pulse  length  is  optimized,  the  pulse  is  linearly-polarized, 
and  a0«  1,  the  usual  scalings  give  Em  =  (a02/2)E0>  Ld  = 
Xp3/2X2,  and  yd  =  2(Em/E0)(Xp/X)2.  Here  E0  =  mccop(/e  is 
the  1-D  cold  fluid  wavebreaking  field,  and  the  dephasing 
limits  are  based  on  the  distance  over  which  a  particle 
moving  at  c  slips  by  an  X/4  in  the  wakefield. 

Since  ar  and  xL  are  strongly  linked,  one  may  express 
performance  quantities  in  terms  of  the  following  set  of 
laser  parameters  (X,  P0,  xL)  and  channel  parameters  (ar, 
rch,  and  normalized  channel  depth  An/n0).  The  spot  size 
in  Eq.  (1)  is  given  by  rM2  =  ( c/n)( rch xL)/ar( An/n0),/2.  Thus, 
longer  pulse  length  lasers  tend  to  have  larger  spot  sizes 
and  thus  lower  intensities  and  accelerating  fields.  If  the 
scaling  of  Em  with  pulse  length  is  assumed  to  be 
~sin( 7tar),  then  the  peak  accelerating  electric  field  is 

4e  ~)  aE a2 X2 P0 (An / n0 ) 1/2  sin  nar 


and  the  corresponding  dephasing-limited  energy  gain  is 
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Yd  = 


4e 


I  _  2  4 

\Jtm  c 


aE P0tL (A n/rt0) 1/2  sin nar 


(3) 


The  scale  factor  aE  is  ~0.8  [1,2].  These  simple  scalings 
may  be  modified  for  high  laser  intensity  (a0  ~  1)  and 
finite  spot  size. 


3.2  LWFA  Simulations 


The  simulation  code  may  be  run  in  the  lower  density 
regime  and  high  laser  powers  appropriate  for  a  LWFA. 
Fig.  2  gives  a  surface  plot  of  the  axial  electric  field 
Ez(r,Q  for  a  prototype  channel-guided  LWFA  with 
A  =  0.8  |im,  xL  =  100  fs,  P0  =  25  TW,  n0  =  2xl017  cm'3, 
An/n0  =  5,  and  rch  =  100  |im.  The  peak  field  of  -10 
GV/m  occurs  at  £ = -80  (tm,  and  the  simulation  slippage 
rate  gives  an  estimated  dephasing  length  Lds  =  20.9  cm. 
The  dephasing-limited  energy  gain  for  the  simulation  is 
Wds  =  (2/n)EmsLds  =  1.36  GeV.  This  agrees  well  with  the 
analytical  estimate  from  the  previous  section  when  spot 
size  and  nonlinear  corrections  are  included.  Current 
LWFA  and  channel  guiding  experiments  have  taken 
place  at  much  high  plasma  densities,  where  Ls  -  0.1  cm, 
Em  is  substantially  higher,  but  Wd  is  only  -100  MeV. 


c*r  (crn) 


!3.452 


Fig.  2.  Axial  electric  field  Ez(r,Q  at  z  =  13.5  cm  for  the 
LWFA  simulation  described  above. 

Longer  pulses  require  still  lower  plasma  densities  but 
may  produce  much  larger  values  for  Ld  and  Wd. 
Simulations  with  400  fs  long  pulses  confirm  this,  but  the 
resulting  accelerating  gradients  are  in  the  1  GV/m  range. 
Thus,  the  channels  required  to  take  advantage  of  the 
higher  dephasing  limits  are  probably  too  long  to  be 
practical. 

If  a  long  pulse  laser  is  injected  into  a  higher  density 
channel,  the  pulse  will  undergo  self  modulation  (SM)  as 
in  the  SM-LWFA  experiments  [8,9].  The  channel  allows 
the  beam  to  be  guided  at  powers  well  below  the  critical 
power  Pc  for  relativistic  self-focusing,  and  should 
substantially  reduce  the  highly  irregular  behavior  seen  in 
those  experiments.  Fig.  3  shows  a  plot  of  Ez(r,Q  at  z  = 
3.6  cm  for  a  prototype  channel-guided  SM-LWFA  with 
X=  1  (Am,  rL  =  400  fs,  P0  =  13  TW,  n0  =  8xl017  cm'3, 


An/no  =  1,  and  rch  =  150  (tm.  The  simulation  produces  a 
well-defined  wakefield  which  peaks  at  -35  GV/m. 

,  „  3  s0-7 

e-r 

«r 


Fig.  3.  Axial  electric  field  Ez( r,  at  z  =  3.6  cm  for  the 

self-modulated  LWFA  simulation  described  above 

4  SUMMARY 

Plasma  channels  such  as  those  produced  by  a  capillary 
discharge  have  guided  intense  laser  pulses  over  distances 
of  several  cm.  Simulations  have  been  carried  out  which 
reproduce  these  experiments  and  illustrate  higher  order 
effects  which  may  distort  the  pulse.  For  a  channel-guided 
LWFA,  the  plasma  density  must  be  substantially  lower 
that  in  current  experiments.  The  implications  may  be 
seen  in  simple  scaling  laws  for  LWFA  performance  and 
in  simulations  of  future  LWFA  experiments.  Simulations 
of  a  channel-guided,  self-modulated  LWFA  suggest  this 
approach  may  be  promising. 
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LASER  WAKEFIELD  DIAGNOSTIC  USING  HOLOGRAPHIC 
LONGITUDINAL  INTERFEROMETRY* 
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Abstract 

We  propose  a  diagnostic  technique  for  wakefield  measure¬ 
ment  in  plasma  channels.  A  new  technique  for  plasma 
channel  creation,  the  Ignitor  Heater  scheme  was  proposed 
and  experimentally  tested  in  hydrogen  and  nitrogen  previ¬ 
ously  [1],  It  makes  use  of  two  laser  pulses.  The  Ignitor, 
an  ultrashort  (sub  100  fs)  laser  pulse,  is  brought  to  a  line 
focus  using  a  cylindrical  lens  to  ionize  the  gas.  The  Heater 
pulse  (160  ps  long)  is  used  to  heat  the  existing  spark  via  in¬ 
verse  Bremsstrahlung.  The  hydrodynamic  shock  expansion 
creates  a  partially  evacuated  plasma  channel  with  a  density 
minimum  on  axis.  Such  a  channel  has  properties  of  an  op¬ 
tical  waveguide.  This  technique  allows  creation  of  plasma 
channels  in  low  atomic  number  gases,  such  as  hydrogen, 
which  is  of  importance  for  guiding  of  highly  intense  laser 
pulses.  Laser  pulses  injected  into  such  plasma  channels 
produce  a  plasma  wake  that  has  a  phase  velocity  close  to 
the  speed  of  light.  A  discussion  of  plasma  wake  measure¬ 
ments,  using  a  Longitudinal  Interferometry  Wakefield  Di¬ 
agnostic  Based  on  Time  Domain  Rayleigh  Refractometry 

[2]  with  Holographic  Inversion,  will  be  presented. 

1  WAKEFIELD  EXCITATION  IN 
CHANNELS 

Excitation  of  wakes  with  intense  laser  pulses  propagating 
in  plasma  channels  needs  to  be  studied.  The  goal  is  to 
carry  out  a  parametric  study  of  wake  characteristics  ver¬ 
sus  plasma  channel  and  laser  pulse  properties.  The  longi¬ 
tudinal  and  transverse  plasma  density  profile  in  the  chan¬ 
nel  will  be  measured  interferometrically,  as  discussed  pre¬ 
viously  [1],  Longitudinal  femtosecond  interferometry  [2], 

[3]  will  be  used  to  measure  the  wakefield.  The  technique 
measures  the  phase  shift  imparted  by  the  plasma  wave  to 
an  externally  injected  laser  pulse,  as  a  function  of  delay 
time  behind  the  driving  pulse.  In  this  paper,  the  focus  is  on 
adapting  the  longitudinal  interferometry  techniques  to  the 
experiments  planned  at  the  L’ OASIS  laboratory  and  further 
refining  them  to  provide  an  accurate  and  reliable  measure¬ 
ment  of  the  wake  amplitude. 

A  description  of  the  principles  of  the  diagnostic  is  given 
in  Section  3.  In  Section  4,  it  is  shown  that  the  method  can 
be  simply  extended  to  measure  a  long  (multiperiod)  tem¬ 
poral  record  of  the  plasma  wave  evolution  in  a  single  shot. 
A  holographic  inversion  technique  has  been  developed  and 
will  be  applied,  that  makes  the  interferometry  technique 
insensitive  to  the  effect  of  a  phase  shift  common  to  both 
pulses.  It  therefore  provides  a  true  measure  of  the  actual 
phase  shift  imposed  on  the  laser  beam  by  the  plasma  wake. 

*  Work  supported  by  the  US  Department  of  Energy,  Contract  DE- 
AC03-76SFD0098. 


2  EXPERIMENTAL  PARAMETERS 

The  planned  experimental  parameters  are:  laser  pulse  du¬ 
ration  50  fs,  1-10  mm  long  channel,  resonant  density 
on  axis  (assuming  Gaussian  temporal  laser  pulse  shape) 
no  =  7  x  1017cm-3,  with  a  1  TW  guided  beam  with 
guided  spotsize  of  10  microns.  The  resultant  vector  po¬ 
tential  is  ao  =  0.544,  the  peak  excited  axial  accelerating 
field  is  Ezmax=9.35  GV/m,  the  plasma  wave  density  per¬ 
turbation  8n/n  =  0.112,  and  the  peak  phaseshift  accumu¬ 
lated  by  a  probe  laser  pulse  co-propagating  with  the  wake 
is  A <j>max  =  0.182 rad/mm  for  an  800  nm  probe  pulse, 
and  91  mrad  for  a  400  nm  probe  pulse. 

3  OPTICAL  WAKEFIELD  DIAGNOSTIC 

To  perform  phase  shift  measurement  which  are  precise  and 
insensitive  to  noise  and  fluctuations,  Rayleigh’s  interfer¬ 
ometric  refractometer  technique  was  applied  successfully 
[3], [2]  to  measure  phase  shifts  on  the  order  of  several 
mrads.  This  technique  utilizes  two  laser  pulses,  propa¬ 
gating  down  the  same  path,  but  separated  by  a  time  de¬ 
lay.  The  leading  of  the  two  pulses  traverses  the  plasma 
before  the  intense  pulse  that  drives  the  plasma  wake.  The 
trailing  pulse  propagates  through  the  plasma  after  the  wake 
was  produced.  Thus  the  difference  in  the  phaseshift  ac¬ 
quired  by  the  two  laser  pulses  is  due  to  the  plasma  wave. 
The  interferometric  pulses  are  subsequently  combined  in 
an  imaging  grating  spectrometer.  After  diffracting  off  the 
grating  the  obtained  pattern  is  viewed  by  a  CCD  cam¬ 
era  at  the  image  plane.  Because  of  the  pulse-stretching 
caused  by  the  diffraction  grating,  the  two  laser  pulses  now 
overlap  in  time  and  a  beat  pattern  is  seen  on  the  CCD. 
The  temporal  stretching  T  can  be  calculated  if  the  reso¬ 
lution  of  the  spectrometer  r  is  known:  T  «  1/r.  For  in¬ 
stance,  5 A  =  0.114  nm  translates  into  pulse  lengthening  of 
T  fa  1  / (0<5A/A)  =  3  ps  for  800  nm  radiation.  The  spatial 
periodicity  of  the  beat  pattern  is  directly  related  to  the  time 
separation  between  the  two  pulses. 

To  illustrate  it  with  an  example,  assume  that  the  two  laser 
pulses  are  of  the  form 

E(t)  =e(-(‘+A)2/r2)  cos(u>o(i  +  A)) 

+e^_t  !t  ^  cos(wo<  +  4>) 

The  effect  of  the  (perfect)  grating  spectrometer  is  equiva¬ 
lent  to  taking  one  half  of  the  Fourier  transform  of  the  pulses 
(positive  or  negative  frequency): 

E(u>)  =  Iv^(e-(“-“o)2r2/4e-(w-Wo)A 
V  '  2V  v  (2) 
q.  e-(w-w0)2r2 /ie-i<f>^ 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 


3696 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


The  CCD  measures  the  power  (proportional  to  the  abso¬ 
lute  value  of  the  electric  field  squared).  The  CCD  pattern, 
Fig.  1,  will  contain  contributions  from  DC  terms  of  the  in¬ 
dividual  pulse  amplitudes  and  the  beating  cross  term  with 
frequency  domain  variation  as  cos((j>  +  (a;  —  loo) A): 

P{u)  oc2e-(w-u,o)2T2/2 

+  2  e-(u-“>o)2T2 /4  cos  (<j>  +  (u)  —  a>o)A) 


Figure  1:  The  spectral  beat  observed  after  the  two  interfer¬ 
ometer  pulses  are  combined  on  the  spectrometer. 

<t>max ■  Figure  2  demonstrates  the  difference  between  the 
beating  with  <f>  =  0  mrad  (solid  line),  and  <j>  =  182  mrad 
(dashed  line). 


Figure  2:  The  interference  pattern  shifts  in  the  spectral  do¬ 
main  if  the  probe  pulse  has  acquired  different  phaseshift 
than  the  reference  pulse.  <f>  =  0 mrad  (solid  line),  and 
<j)  —  182 mrad  (dashed  line) 

The  phaseshift,  <j>,  can  now  be  extracted  from  the  beating 
pattern,  by  performing  a  Fourier  transform  of  the  spectrum 
with  respect  to  (oj  —  u>o).  The  result  of  such  operation  is 
shown  in  Fig.  3.  The  three  amplitude  peaks  correspond  to 
the  DC  component  and  two  terms  at  the  beat  frequency. 
The  phase  of  the  Fourier  transform  at  the  two  higher  fre¬ 
quency  peaks  is  exactly  ±</>. 
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Figure  3:  (a)  Amplitude  and  (b)  phase  of  the  Fourier  trans¬ 
form  of  the  beat  pattern  of  Eq.3  with  <f>  =  182  mrad. 


(al)  (bl)  (cl) 


(a2)  (b2)  (c2) 


Figure  4:  (al)-(a3)  Spectrometer  interferometric  beat  pat¬ 
tern,  (bl)-(b3)  the  amplitude  and  (cl)-(c3)  phase  of  the 
Fourier  transform  of  the  beat  pattern,  for  A  =  150  fs,  300 
fs  and  600  fs,  respectively. 


The  time  delay  between  the  two  interferometric  pulses 
should  be  chosen  such  that  the  DC  peak  does  not  over¬ 
lap  with  the  two  beat  frequency  peaks.  The  spectrometer 
beat  patterns  and  their  Fourier  transforms  are  displayed  in 
Figs.  4.  From  the  figures  it  can  be  seen  that  when  the  time 
delay  between  the  two  pulses  is  too  small  (Fig.  4al,bl,cl), 
there  is  considerable  overlap  between  the  peaks  in  the 
Fourier  transform,  and  that  transfers  into  phase  error.  On 
the  other  hand,  if  the  delay  is  made  too  large,  the  reso¬ 
lution  limit  of  the  spectrometer  may  be  reached,  and  the 
Nyquist  criterion  may  not  be  satisfied.  We  find  that  the 
smallest  value  of  A  for  which  the  peaks  no  longer  overlap 
is  A  =  5  x  t. 
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4  TIME  VARYING  PHASESHIFT 
RETRIEVAL  WITH  HOLOGRAPHIC 
INVERSION 

Simple  Fourier  transformation  of  the  spectral  beat  provides 
correct  phase  shift  information  only  in  the  case  when  the 
phase  shift  is  constant  in  time.  For  instance,  in  the  case  of 
a  linearly  changing  (in  time)  phase  shift,  the  retrieved  phase 
has  a  slope  that’s  two  times  smaller  than  the  actual  value. 
The  reason  for  the  discrepancy  is  that  instead  of  taking  an 
inverse  Fourier  transform  of  the  Fourier  transform  of  the 
probe  pulse,  the  diagnostic  calculates  the  inverse  Fourier 
transform  of  the  product  of  the  probe  and  reference  pulse 
transforms. 

We  have  developed  a  novel  theoretical  algorithm  for  time 
domain  Rayleigh  refractometry,  that  relies  on  holographic 
inversion  of  the  measured  spectra.  As  mentioned  previ¬ 
ously,  a  simple  Fourier  transformation  of  the  spectral  beat 
provides  correct  phase  shift  information  only  in  the  case 
when  the  phase  shift  is  constant  in  time.  For  instance,  in 
the  case  of  a  linearly  changing  (in  time)  phase  shift,  the 
retrieved  phase  has  a  slope  that  is  two  times  smaller  than 
the  actual  [2],  The  reason  for  the  discrepancy  is  that  in¬ 
stead  of  taking  an  inverse  Fourier  transform  of  the  Fourier 
transform  of  the  probe  pulse,  the  diagnostic  calculates  the 
inverse  Fourier  transform  of  the  product  of  the  probe  and 
reference  pulse  transforms.  If  the  amplitude  of  the  Fourier 
transform  of  the  reference  pulse  is  known,  and  if  the  only 
phase  difference  between  the  probe  and  reference  pulses  is 
due  to  the  plasma  wake  (so  that  any  other  phase  shift  that 
is  common  to  both  pulses  will  cancel  when  a  product  with 
complex  conjugate  is  taken),  then  by  dividing  the  spectral 
beat  by  the  amplitude  of  the  reference  pulse  Fourier  trans¬ 
form  (square  root  of  the  spectrum  of  the  reference  pulse 
alone)  before  the  Fourier  transformation  is  calculated,  the 
true  phase  shift  is  found.  This  procedure  is  similar  to  the 
action  of  the  reference  pulse  in  a  hologram. 

Figs.  5  presents  a  numerical  simulation  of  the  phase- 
shift  retrieval  with  and  without  the  holographic  correction. 
The  result  of  numerically  calculating  the  inverse  Fourier 
transform  of  Eq.3  with  <fi  =  <!>max  cos (u)pt  +  $o)  where 
4>max  =  182  mrad  is  expected  to  be  close  to  the  experi¬ 
mental  values,  is  shown  in  Fig.  5  a).  Fig.  5  b)  presents  the 
result  of  taking  the  Fourier  transform  after  the  expression 
of  Eq.3  was  corrected  for  the  reference  pulse  Fourier  trans¬ 
form  amplitude.  The  phaseshift  retrieved  without  the  holo¬ 
graphic  correction,  Fig.  5  a),  is  drastically  different  from 
the  actual  phaseshift.  The  corrected  retrieval,  Fig.  5  b),  is 
shown  to  extract  the  prescribed  time  dependent  phaseshift 
accurately.  The  holographic  inversion  technique  makes  the 
interferometry  technique  insensitive  to  the  effect  of  a  phase 
shift  common  to  both  pulses,  and  therefore  provides  a  true 
measure  of  the  actual  phase  shift  imposed  on  the  laser  beam 
by  the  plasma  wake.  We  have  also  verified  that  the  method 
can  be  extended  to  provide  a  single  shot  measurement  of 
multiple  periods  of  the  wake  pattern.  Experimentally,  the 
probe  laser  pulse  will  be  made  temporally  longer  by  spec¬ 


tral  filtering. 

An  important  potential  source  of  error  is  the  fact  that  the 
diagnostic  is  unable  to  distinguish  between  Fourier  limited 
probe  pulses  and  pulses  with  a  frequency  chirp  (quadratic 
phase  shift).  If  both  the  probe  and  the  reference  pulses 
have  similar  frequency  chirp  then,  after  diffracting  off  the 
spectrometer  grating,  the  probe  pulse  phase  shift  due  to  the 
wake  at  the  front  of  the  pulse  will  be  mixed  with  that  accu¬ 
mulated  in  the  rear  of  the  pulse.  In  the  case  of  time  varying 
phase  shift,  the  retrieval  will  be  in  error.  To  minimize  the 
contribution  of  imperfect  temporal  compression,  the  pro¬ 
duction  of  the  blue  interferometric  pulses  will  be  done  in  a 
way  that  ensures  proper  compression,  provided  the  driving 
red  pulse  in  optimally  compressed. 


Figure  5:  Retrieved  phase  shift  (dots)  a)  without  and 
b)  with  reference  correction,  compared  to  that  prescribed 
(solid  curves). 
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Abstract 

Scaling  laws  are  derived  as  a  function  of  laser  wavelength 
for  various  quantities  of  interest  for  a  single  stage  of  a 
channel-guided  laser  wakefield  accelerator.  Comparisons 
are  made  for  drive  laser  pulses  of  equal  energies.  Scalings 
that  favor  short  or  long  wavelengths  depend  on  the  quantity 
that  is  to  be  optimized.  For  example,  holding  the  number 
of  electrons  per  bunch  constant  favors  shorter  wavelengths, 
whereas  holding  the  energy  gain  constant  can  favor  longer 
wavelengths. 

1  INTRODUCTION 

Plasma-based  accelerators  [1]  are  capable  of  sustaining  ul- 
trahigh  electric  fields  Ez  on  the  order  of  Eq  =  cmujp/e, 
i.e., 

Eo [V /m]  ~  96n1/2[cm~3],  (1) 

where  n  is  the  ambient  plasma  density  and  ujp  = 
(47t ne2/m)1/2  is  the  plasma  frequency.  Although  the  ac¬ 
celerating  field  is  very  high,  the  wavelength  of  the  acceler¬ 
ating  structure  (i.e.,  the  plasma  wave)  is  very  short  and  on 
the  order  of  the  plasma  wavelength  Ap  =  In c/u>p,  i.e., 

Ap[//m]  ~  3.3  x  10lon“1/,2[cm~3],  (2) 

e.g.,  Eq  ~  30  GV/m  and  Ap  ~  100  /x m  for  n  ~  1017 
cm-3.  The  shortness  of  Ap  has  important  consequences. 
For  example,  if  an  electron  bunch  is  to  be  injected  into 
the  plasma  wave  such  that  its  initial  low  energy  spread  is 
maintained,  then  it  is  desirable  for  the  initial  bunch  length 
Lj,  to  be  short  compared  to  Ap.  Furthermore,  the  bunch 
must  be  injected  at  the  optimal  plasma  wave  phase  with 
femtosecond  timing  accuracy.  These  requirements  are  be¬ 
yond  the  state-of-the-art  for  conventional  injector  technol¬ 
ogy  (e.g.,  photo-injectors).  Conversely,  the  shortness  of  Ap 
and  the  wide-spread  availability  of  ultrashort  high  power 
lasers  may  allow  plasma-based  accelerators  to  be  devel¬ 
oped  as  a  compact  source  of  ultrashort,  high  energy  elec¬ 
tron  bunches  [2-7]. 

In  the  standard  laser  wakefield  accelerator  (LWFA)  a  sin¬ 
gle,  intense,  short  (a  pulse  length  L  ~  Ap)  is  used  to  drive 
the  wakefield.  As  the  pulse  propagates  through  the  plasma, 
its  ponderomotive  force  Fp  oc  Va2  expells  plasma  elec¬ 
trons,  thus  exciting  a  large  amplitude  plasma  wave  with 
phase  veloctiy  vp  ~  c  in  its  wake.  Here,  a2  is  proportional 
to  the  laser  intensity  I, 

a2  ~  7.2  x  10_19A2[Axm]J[W/cm2],  (3) 
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Figure  1:  Schematic  of  a  channel-guided  LWFA.  The 
plasma  channel  guides  the  laser  pulse  and  supports  the 
wakefield,  which  is  generated  behind  the  laser  pulse  with  a 
phase  velocity  vp  ~  c.  Short  electron  bunches  with  length 
Lb  <C  Ap  are  injected  into  the  wakefield  for  acceleration  to 
high  energy. 

and  is  related  to  the  power  P  of  a  Gaussian  radial  intensity 
profile  /  oc  exp(— 2r2/r2)  by  P[GW]  ~  21.5a2r2/A2, 
where  A  is  the  laser  wavelength,  rs  is  the  spot  size,  and 
linear  polarization  has  been  assumed. 

A  practical  high-energy  LWFA  requires  the  use  of  a 
plasma  channel  to  guide  the  laser  pulse  (see  Fig.  1)  .  In 
vacuum,  laser  propagation  is  typically  limited  by  diffrac¬ 
tion,  the  characteristic  distance  of  which  is  the  Rayleigh 
length  Zr  =  7rr2/A,  where  r o  is  the  laser  spot  radius  at 
focus  (e.g.,  Zr  ~  3  mm  for  ro  =  30  fi m  and  A  =  1  pirn). 
Extending  the  single-stage  interaction  (acceleration)  length 
beyond  Zr  requires  optical  guiding  [8].  In  the  standard 
LWFA,  this  can  be  achieved  with  a  preformed  plasma  den¬ 
sity  channel  [8-15].  The  index  of  refraction  in  a  plasma 
is  approximately  tjr  ~  1  —  A2/2Ap.  As  in  an  optical 
fiber,  a  plasma  channel  can  provide  optical  guiding  if  the 
index  of  refraction  peaks  on  axis,  drjR/dr  <  0,  which 
can  be  achieved  with  a  plasma  density  profile  that  has  a 
local  minimum  on  axis,  dn/dr  >  0.  Specifically,  a  chan¬ 
nel  with  a  radially  parabolic  density  profile  of  the  form 
n(r)  =  no  +  A nr2/r2  can  guide  a  Gaussian  laser  pulse 
with  a  constant  spot  size  r0  provided  the  channel  depth  An 
satisfies  An  =  Anc,  where  Anc  =  l/7rrer2  is  the  crit- 
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ical  channel  depth  [8]  and  re  =  e2 /mec 2  is  the  classical 
electron  radius,  i.e., 

Anc[em"3]  ~  1.13  x  102O/rj}[pm].  (4) 

The  following  discussion  will  be  restricted  to  standard  LW- 
FAs  that  utilize  channel  guiding. 

The  most  common  sources  of  high  power,  short  laser 
pulses  are  solid-state  systems  based  on  the  technique  of 
chirped-pulse  amplification  (CPA)  [16].  Such  CPA  sys¬ 
tems  typically  have  A  ~  1  /xm  and  have  been  used  in 
numerous  LWFA  and  channel-guiding  experiments  [9-15], 
Alternatively,  high-power,  short-pulse  CO2  laser  systems 
(A  ~  10  /x m)  are  being  developed  and  will  be  available  for 
future  LWFA  experiments  [17].  In  this  paper,  scaling  laws 
with  respect  to  A  for  relevant  LWFA  quantities  are  derived 
and  discussed. 

2  SCALING  LAWS 

In  this  section,  simple  scaling  laws  for  LWFA  quantities 
are  presented  under  idealized  assumptions.  These  idealized 
scaling  laws  assume  the  following: 

1.  A  standard  LWFA  that  is  channel  guided. 

2.  The  mildly  relativistic  regime,  s2<l. 

3.  The  acceleration  length  is  limited  by  electron  dephas¬ 
ing. 

4.  The  plasma  channel  is  sufficiently  broad  such  that  the 
formula  describing  Wakefield  generation  in  a  uniform 
plasma  apply. 

5.  The  transverse  size  of  the  laser  pulse  is  2 c/wp  and  the 
transverse  size  of  the  electron  bunch  is  c/wp. 

6.  The  total  electrons  per  bunch  is  the  beam  loading 
limit. 

In  the  following,  when  equations  are  presented  in  prac¬ 
tical  form  (with  numerical  coefficients),  Ez  is  in  V/m,  n  is 
in  cm-3,  A  is  in  /xm,  I  is  in  W/cm2,  Wl  is  in  J,  Ld  is  in  m, 
AW  is  in  GeV,  Lums  is  in  cm-2,  and  a2  is  dimensionless. 

In  the  mildly  relativistic  limit  within  a  broad  channel, 
the  axial  electric  field  of  the  wake  [1]  can  be  written  as 
Ez  =  0.38a2 £0,  where  E0  =  mecup/e  =  96ft1/2,  i.e., 

Ez  =  2.7  x  10-17/AV/2 

=  3.4  x  10_25WlAV  (5) 

This  assumes  a  linearly  polarized  laser  pulse  with  Gaus¬ 
sian  profiles  in  the  radial  and  axial  directions.  This  also 
assumes  that  the  laser  pulse  length  is  optimized  to  maxi¬ 
mize  the  wakefield  amplitude,  i.e.,  L  =  Ap/\/27r  =  0.4AP, 
where  the  pulse  length  L  is  defined  such  that  Wl  = 
(1/8tt)AlE^L  is  the  pulse  energy,  Ap  =  2xrc/wp  is  the 
plasma  wavelength,  El  is  the  peak  laser  electric  field, 


Al  =  xrr2/2  is  the  cross-sectional  area  of  the  Gaussian 
pulse,  and  ro  is  the  laser  spot  size. 

The  laser  spot  size  is  assumed  to  be  ro  =  2 c/wp  in  or¬ 
der  to  ensure  high  efficiency  of  energy  transfer  between 
the  wake  and  the  accelerated  electrons  [18],  since  electrons 
loaded  near  the  axis  will  absorb  wake  energy  out  to  a  radius 
of  approximately  c/up.  Furthermore, 

a 2  =  9.4  x  10_27lFLA2n3/2  (6) 

The  acceleration  length  is  assumed  to  be  equal  to  the 
electron  dephasing  length  Ld  =  A2 /A2, 

Ld  =  3.7  x  1025A_2n_3/2  (7) 

The  ideal  maximum  energy  gain  is  given  by  AW  = 

eEzLd, 

AW  =  J/n  =  1.3  x  10-8Win1/2  (8) 

The  number  of  electrons  accelerated  per  bunch  is  as¬ 
sumed  to  be  equal  to  the  beam  loading  limit  [18]  Ni  = 
Ez Al/ Aire,  where  Ai  is  the  effective  cross-sectional  area 
of  the  beam  which  is  assumed  to  be  Ai  =  ttc2/w2, 

Nb  =  1.7  x  Kr9WLA27i  (9) 

Another  figure  of  merit  is  the  luminosity  hum  = 
(kbfb /4ir) N2 /crx<Ty,  where  ki  is  the  number  of  bunches 
per  linac,  fi  is  the  linac  rep  rate,  and  ax,y  are  the  trans¬ 
verse  rms  bunch  sizes,  which  are  assumed  to  be  equal  to 
c/up.  For  scaling  purposes,  it  is  convenient  to  define  the 
’’single  bunch”  luminosity  as  Lums  =  N2  /  a x<ry, 

Lums  =  9.9  x  10~3OWl\4n3  (10) 

3  EXAMPLES 

Next,  to  determine  scaling  with  wavelength,  several  exam¬ 
ples  are  given.  In  all  these  examples,  the  laser  pulse  energy 
Wl  is  assumed  constant. 


The  axial  electric  field  of  the  wake  is  held  fixed  (in  addition 
to  the  pulse  energy).  This  implies: 

n  oc  A-1,  Ld  oc  A-1/2 ,  AW  oc  A-1/2, 

Ni  oc  A,  Lums  oc  A  (11) 


The  acceleration  length  is  held  fixed  (in  addition  to  the 
pulse  energy).  This  implies: 

n  oc  A"4/3,  Ez  oc  A"2/3,  AW  oc  A-2/3, 

Ni  oc  A2/3,  Lums  oc  constant  (12) 


3.1  Constant  Ez 


3.2  Constant  Ld 
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3.3  Constant  AW 

The  electron  energy  gain  is  held  fixed  (in  addition  to  the 
pulse  energy).  This  implies: 

n  oc  constant,  Ez  oc  A2,  L&  oc  A-2, 

Nb  oc  A2,  Lums  oc  A4  (13) 

3.4  Constant  Nb 

The  number  of  electrons  per  bunch  is  held  fixed  (in  addition 
to  the  pulse  energy).  This  implies: 

n  oc  A-2,  Ez  oc  A-2,  L&  oc  A, 

AW  oc  A-1,  Lum ,  oc  A-2  (14) 

3.5  Constant  Lums 

The  single  bunch  luminosity  is  held  fixed  (in  addition  to  the 
pulse  energy).  This  implies: 

n  oc  A-4/3,  Et  oc  A-2/3,  Ld  oc  constant, 

AW  oc  A"2/3,  Nb  oc  A2/3  (15) 

4  DISCUSSION 

In  making  comparisons  between  A  =  1  pm  and  A  =  10  pm 
drivers,  care  must  be  taken  so  as  not  to  violate  the  above 
assumptions,  in  particular,  a2  <C  1.  Note  that  a2  oc 
Wl^ti2/3.  Hence,  when  making  comparisons  at  constant 
density  and  pulse  energy,  as  in  Case  3.3,  the  assumption 
a2<l  may  be  violated  at  long  wavelengths.  On  the  other 
hand,  for  short  wavelengths,  operation  at  high  density  is 
valid. 

A  definitive  conclusion  regarding  an  optimum  driver 
wavelength  is  problematic.  For  example,  at  sufficiently 
low  density  (such  that  a2  <C  1),  a  design  for  a  fixed  en¬ 
ergy  gain  favors  longer  wavelengths,  as  implied  by  Case 
3.3.  On  the  other  hand,  a  design  for  a  fixed  number  of 
electrons  per  bunch  favors  short  wavelengths,  as  implied 
by  Case  3.4.  Furthermore,  a  design  for  a  fixed  acceleration 
distance  (and  fixed  luminosity)  allows  higher  energies  to 
be  obtained  for  short  wavelengths,  however,  a  higher  bunch 
number  is  obtained  for  long  wavelengths.  The  above  scal¬ 
ing  laws  all  assume  a  fixed  laser  pulse  energy.  A  rigor¬ 
ous  study  of  a  LWFA  for  various  wavelength  drivers  must 
also  include  other  properties  of  the  driver,  such  as  repeti¬ 
tion  rate,  pulse  stability,  and  average  power.  Since  laser 
technology  is  rapidly  progressing,  a  rigorous  design  study 
is  premature.  In  terms  of  physics  experiments,  invaluable 
information  can  be  obtained  at  both  1  and  10  micron. 
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Abstract 

We  have  designed  an  electron  beam  injection  system  for 
laser  wakefield  acceleration  experiments  which  will  be  per¬ 
formed  in  a  new  facility  of  JAERI-Kansai  in  Kyoto.  This 
system  consists  of  an  RF  photocathode  gun  which  can  pro¬ 
duce  5  ps  1  7r  mm-mrad  electron  single  bunch  and  race¬ 
track  microtron  (RTM).  Here  we  have  estimated  an  accep¬ 
tance  of  laser  wakefield  in  order  to  achieve  more  efficient 
acceleration,  and  have  designed  the  high  quality  beam  in¬ 
jector. 

1  INTRODUCTION 

Recent  progress  of  high  peak  power  laser  technology  en¬ 
ables  us  to  study  laser  wakefield  acceleration  (LWFA)  ex¬ 
perimentally,  which  is  a  promising  method  for  a  high  gradi¬ 
ent  compact  accelerator.  Several  groups  in  the  world  have 
succeeded  in  acceleration  of  electrons  by  a  laser  wakefield 
so  far[l].  However,  the  quality  of  the  accelerated  electrons 
such  as  energy  spread,  the  number  of  accelerated  particles, 
and  so  on,  are  not  satisfied  for  practical  applications  as  an 
accelerator.  The  major  reason  is  because  beam  matching 
to  the  wakefield  is  not  taken  into  account,  or  at  least  not 
sufficient,  in  the  former  experiments.  In  a  typical  LWFA 
experiment,  a  100  fs  multi-tera  watt  laser  pulse  is  focused 
into  tens  of  microns.  At  a  first  look,  it  could  be  say  that  the 
LWFA  requires  an  electron  bunch  to  have  the  same  order 
of  both  transverse  and  temporal  sizes  as  those  of  the  laser 
pulse. 

There  seems  to  be  two  approaches  to  accomplish  per¬ 
fect  beam  matching  to  the  laser  wakefield.  One  is  a  plasma 
cathode[2]  which  has  a  great  potential  in  producing  such 
high  quality  beam,  because  it  produces  electrons  by  a  sim¬ 
ilar  process  of  LWFA.  However,  this  technique  has  not 
experimentally  proved  yet  and  must  be  tested  separately. 
The  other  is  to  use  a  conventional  accelerator  for  the  injec¬ 
tion.  There  exist  some  difficulties  in  producing  ultra  short 
bunches,  but  the  recent  progress  of  short  bunch  generation 
will  help  it[3]. 

In  order  to  improve  quality  of  beams  accelerated  by  the 
wakefield  we  aim  to  develop  a  low  emittance  short  bunch 
electron  injector.  For  this  purpose,  a  combination  of  the 
photocathode  RF  gun  and  the  150  MeV  race- track  mi- 
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crotron  (RTM)  produces  such  a  high  quality  beam  with  an 
appropriate  budget.  We  have  accomplished  the  photocath¬ 
ode  RF  gun  capable  of  producing  a  5  ps,  less  than  10  7r 
mm-mrad  beam  with  a  charge  of  1  nC[4], 

In  this  paper,  we  present  a  simple  estimation  of  accep¬ 
tance  of  the  laser  wakefield  by  a  particle  tracking  code. 
Then  we  describe  the  injection  system  and  improvements 
in  order  to  make  a  low  emittance  beam  in  transverse  direc¬ 
tion. 

2  ACCEPTANCE  OF  LASER 
WAKEFIELD  ACCELERATOR 

We  have  developed  a  particle  tracking  computer  code 
named  WAKE3D  in  order  to  examine  acceptances  of  the 
laser  wakefield  accelerator.  This  code  integrates  three  di¬ 
mensional  equation  of  motion  where  electric  fields  are 
given  by  a  linear  fluid  theory.  The  integration  length  is 
20  times  of  the  vacuum  Rayleigh  length.  No  space-charge 
effect  is  included  in  the  code. 

Here,  we  only  show  typical  results  of  the  acceptance  for 
a  plasma  density  of  ne  =  3.48  x  1017  cm-3,  a  laser  pulse 
length  of  tl  =  100  fs,  a  laser  pulse  energy  of  Ep  =  500  mJ, 
and  a  spot-size  at  focus  of  oyo  =  10  /rm.  Figure  1  shows 
the  energy  gain  versus  the  initial  phase.  The  initial  elec¬ 
trons  are  injected  to  the  wakefield  on  axis  with  energies  of 
1.3,  15,  and  151  MeV.  In  case  of  the  injected  electrons  are 
relativistic  (E  >  15  MeV),  no  bunching  effect  is  seen  in 
the  figure.  Our  case  is  151  MeV,  thus,  short  bunch  about 
30  degrees  (15  fs)  is  required  for  an  energy  gain  of  40-60 
MeV.  Transverse  acceptance  is  shown  in  Fig.  2.  Opposite 
to  the  longitudinal,  transverse  acceptance  is  wide  enough 
for  our  system. 

Generation  of  such  tens  of  femtosecond  electron  pulse 
has  not  been  achieved.  However,  we  would  obtain  an  im¬ 
proved  energy  spectrum  in  Fig.  3  if  only  the  transverse 
beam  matching  is  achieved.  In  this  case,  two  side-peaks 
are  seen,  which  are  accelerated  or  decelerated  by  the  wake¬ 
field,  while  the  spectra  of  the  former  experiments  obeyed 
power  law  as  a  function  of  an  energy  gain[l], 

3  ELECTRON  INJECTION  SYSTEM 

Figure  4  shows  a  schematic  of  the  designed  electron  injec¬ 
tion  system.  The  system  consists  of  the  RF  photocathode 
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Figure  1:  A E  —  (j>  Phase  space  plot  at  the  exit  of  the  wake- 
field. 
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Figure  2:  Transverse  acceptance  of  the  laser  wakefield. 


gun,  the  microtron  accelerator  and  the  beam  extraction  sec¬ 
tion. 


3. 1  Photocathode  RF  Gun 


Figure  3:  Energy  spectrum  of  the  beam  matched  only  in 
transverse. 


Figure  4:  A  schematic  of  the  electron  injection  system. 

3.2  Photocathode  Driving  Laser 

We  use  a  compact  all  solid-state  Nd:YLF  laser  system 
(PULRISE  II)  developed  by  SHI  as  a  driving  laser  for 
the  RF  gun.  This  system  consists  of  three  sections;  pas¬ 
sive  mode-locked  seed-laser  with  a  repetition  rate  of  79.3 
MHz,  laser  diode  (LD)  pumped  regenerative  amplifier  (re¬ 
gen)  where  a  Nd:YLF  crystal  cut  is  used  as  a  gain  medium 
and  frequency  conversion  sections. 

Seed-laser  pulses  with  a  wavelength  of  1053  nm  are  syn¬ 
chronized  with  an  external  reference  signal  (79.3  MHz)  by 
using  a  phase-locked  loop.  The  regen  section  captures  and 
amplifies  a  single  seed-laser  pulse  increasing  the  pulse  en¬ 
ergy  from  the  order  of  sub-nano  Joule  up  to  2  mJ  with  a 
maximum  repetition  rate  of  100  Hz.  The  frequency  con¬ 
version  section  generates  a  green  light  (527  nm)  and  an  UV 
(263  nm).  The  output  pulse  energy  of  the  UV  is  200  fiJ  at 
maximum.  The  energy  fluctuation  of  the  UV  is  0.5  %.  The 
pulse  width  of  the  UV  is  approximately  6  ps  FWHM. 


We  adopted  an  S-band  RF  gun  developed  by  the  collab¬ 
oration  with  BNL,  KEK  and  Sumitomo  Heavy  Industries, 
Ltd  (SHI).  This  cavity  is  based  on  the  gun  developed  by  the 
BNL  /  SLAC  /  UCLA  collaboration  [5]  and  is  improved  for 
high  duty  operation  (50  Hz).  The  gun  can  produce  ~  1  7r 
mm  mrad  electron  pulses  owing  to  an  emittance  compen¬ 
sation  solenoid  magnet.  An  UV  light  is  introduced  to  the 
copper  cathode  with  an  incident  angle  of  68°. 


3.3  Test  of  Photocathode  RF  Gun 

We  have  performed  tests  of  the  photocathode  RF  gun  and 
the  driving  laser  which  were  installed  at  the  Nuclear  Engi¬ 
neering  Research  Laboratory,  the  University  of  Tokyo.  The 
details  of  the  results  will  be  presented  in  forthcoming  pub¬ 
lication.  As  a  preliminary  result,  we  measured  the  electron 
pulse  with  a  pulse  length  of  5  ps  FWHM,  an  normalized 
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emittance  of  8  7r  mm 

cdotmrad,  and  an  energy  of  3.7  MeV. 

3.4  Microtron 

The  race-track  microtron  (RTM)  manufactured  by  SHI  is 
used  as  a  booster  accelerator.  The  original  RTM  accelerates 
electrons  emitted  by  a  thermionic  gun  from  120  keV  to  150 
MeV  after  25  turns.  We  plan  to  replace  the  thermionic  gun 
with  the  photocathode  RF  gun,  thus  some  improvements 
should  be  required. 

First,  we  estimated  the  acceptance  of  the  RTM  for  4.5 
MeV  injection  using  a  code  MIC  which  was  developed  to 
design  the  original  RTM[6],  After  adjusting  the  position  of 
the  accelerating  tube  and  injection  timing,  we  found  that  a 
suitable  electron  beam  is  parallel,  slightly  converging,  and 
6  ps  in  horizontal,  vertical,  and  longitudinal  direction,  re¬ 
spectively  (see  Fig.  5). 

The  injection  beamline  to  the  RTM  is  designed  to  match 
the  acceptance.  We  designed  two  bend  achromat  beam¬ 
line  by  employing  the  transfer  matrix,  TRACE-3D,  and 
PARMELA  calculations.  We  obtained  beam  distributions 
shown  in  Fig.6  by  the  MIC  code  after  25  turns  in  the  RTM. 
Finally,  we  found  that  horizontal  and  vertical  acceptances 
are  0.33  and  0.13  7r  mm 

cdofmrad,  respectively.  Thus,  transverse  beam  matching 
will  be  achieved  by  an  appropriate  focusing  section,  which 
is  under  design.  The  pulse  length  is  3  ps  FWHM  for  the 
present  design,  thus,  a  longitudinal  beam  matching  to  the 
wakefield  requires  either  to  design  a  bunch  compressor  or 
to  find  a  bunch  compressed  solution  through  the  RTM. 

The  transmission  efficiency  of  the  beam  through  the 
RTM  has  been  improved  up  to  50  %,  which  was  much  bet¬ 
ter  than  the  RTM  with  the  thermionic  gun.  The  expected 
beam  charge  is  500  pC/bunch,  that  is  enough  for  the  LWFA 
experiments. 
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Figure  5:  Acceptances  of  the  RTM. 


3.5  Beam  Extraction 

The  RTM  has  two  straight  sections;  one  is  non-dispersive 
where  the  accelerating  tube  is  placed,  and  the  other  is  dis- 


Figure  6:  Beam  distributions  at  the  exit  of  the  RTM. 


persive  due  to  the  180°  bending  magnet  of  the  RTM.  Be¬ 
cause  of  the  space  limitation,  beam  extraction  magnet  is 
placed  in  the  dispersive  straight  section.  We  designed  a 
dispersion-compensated  beam  extraction  section  in  order 
to  avoid  emittance  growth  caused  by  dispersion.  The  sec¬ 
tion  was  designed  by  employing  transfer  matrix  technique 
to  satisfy  doubly  achromatic  conditions.  Finally,  we  found 
that  three  bending  magnets  and  four  quadrupole  magnets 
system  can  efficiently  work  with  transverse  focusing. 

4  SUMMARY 

We  have  designed  the  electron  beam  injection  system  ori¬ 
ented  to  effective  electron  acceleration  by  a  laser  wakefield. 
The  RF  photocathode  and  the  race-track  microtron  are  used 
for  a  low  emittance  beam  generator  and  the  expected  trans¬ 
verse  emittance  satisfies  the  required  conditions.  The  de¬ 
sign  work  is  still  going  on,  and  the  left  major  work  is  to 
design  short  bunch  generation  and  focusing  sections. 
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Abstract 

A  one  meter  long  plasma  source  has  been  developed  for 
studies  at  the  Stanford  Linear  Accelerator  Center  (SLAC) 
of  plasma  wakefield  excitation  by  a  30  GeV  electron  beam 
in  an  extended  plasma  column.  The  plasma  is  formed 
by  ionization  of  a  Li- vapor  with  an  ArF  EXCIMER  laser 
(193  nm).  The  Li- vapor  is  produced  in  a  heat  pipe  oven 
which  will  be  installed  in  the  electron  beam  transport  line. 
Through  control  of  the  oven  temperature,  neutral  vapor 
densities  reaching  2  £  lcPcm’  3  are  produced.  We  re¬ 
port  the  details  of  the  oven  construction  and  temperature 
profile  measurements  with  and  without  Lithium  vapor.  In 
the  experiment,  the  EXCIMER  laser  will  be  located  about 
15  m  away  from  the  plasma  source.  Beams  produced  by 
EXCIMER  lasers  operating  with  a  stable  resonator  cavity 
are  unsuitable  due  to  the  large  number  of  modes  present  in 
such  beams.  A  significant  reduction  of  the  modal  content 
has  been  obtained  through  the  use  of  an  unstable  resonator 
design.  Results  of  the  implementation  of  this  cavity  config¬ 
uration  on  the  propagation  characteristics  of  the  EXCIMER 
beam  will  be  presented,  including  the  design  of  the  final 
telescope  for  spot  size  reduction. 

1  INTRODUCTION 

A  one-meter  long  plasma  source  has  been  constructed 
which  will  permit  the  properties  of  extended  plasma 
columns  as  optical  elements  in  beamlines  to  be  studied  in 
an  operating  regime  at  30  GeV.  The  E157  Experiment[l,  2, 
3],  to  take  place  at  the  Final  Focus  Test  Beam  (FFTB)  at 
the  Stanford  Linear  Accelerator,  utilizes  a  single  30  GeV 
electron  bunch  with  a  bunchlength  of  z  ...  400;  600„m 
and  up  to  4x1 010  electrons,  which  will  travel  through  a 
full  meter  of  plasma.  Wakefields  excited  by  the  head  of 
the  bunch  are  expected  to  provide  an  accelerating  gradient 
to  the  bunch  tail.  For  efficient  wakefield  excitation,  fre¬ 
quency  content  at  !  p  is  provided  by  matching  the  beam 
bunchlength  to  the  plasma  period,  »  1=  !P.  The  wake 
amplitude  expected  for  the  optimal  plasma  density  range 
of  2xl0L4cmi  3  is  0.5  GeV/m.  Calculations  show  that  the 
plasma  ions  will  exert  focusing  forces  on  the  electron  beam 
capable  of  dramatically  changing  the  bunch  transverse  size 
and  divergence[2].  Experimental  studies  of  these  mecha¬ 
nisms  have  been  performed  at  lower  beam  energies  (10’s 
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of  MeV)  and  wakefield  acceleration  of  the  bunch  tail  has 
been  demonstrated  [4],  The  two  key  components  for  the 
experiment  are  the  1  meter  plasma  source  and  the  beam  di¬ 
agnostics.  Here,  the  practical  implementation  of  the  full 
length  source  for  the  E157  experiment  is  described. 


Figure  1:  One  meter  long  Lithium  heat  pipe  oven. 


The  minimum  plasma  requirements  are  the  following: 
length  of  at  least  1  meter,  density  of  2-5x1  C^cm1  3  and 
a  transverse  dimension  on  the  order  of  a  few  mm,  large 
compared  with  the  electron  beam  spot  size  of  »  50  mi¬ 
crons  at  the  plasma  entrance.  To  provide  a  plasma  of  the 
appropriate  density  and  dimensions,  while  avoiding  beam- 
induced  ionization,  Lithium  was  chosen.  The  ionization 
potential  of  Lithium  (5.39  eV)  is  less  than  the  photon  en¬ 
ergy  at  193  nm  (5.4  eV)  and  it  can  therefore  be  singly  ion¬ 
ized  using  an  ArF  based  Excimer  laser.  Typical  fluences 
required  are  30-50  mJ/cm2  to  produce  a  fractional  ioniza¬ 
tion  of  the  neutral  vapor  by  the  laser  on  the  order  of  10- 
20%.  Beam  induced  ionization  (impact  of  30  GeV  elec¬ 
trons  as  well  as  background  electrons)  is  expected  to  be 
less  than  a  percent  and  its  effect  should  therefore  be  mini¬ 
mal.  In  order  to  obtain  a  Lithium  plasma  with  the  appropri¬ 
ate  density,  the  Lithium  vapor  temperature  must  be  raised 
to  750"C.  Accordingly,  the  plasma  source  is  constructed  in 
heat  pipe  oven  configuration[5,  6,  7],  The  1  meter  oven 
built  at  LBNL  and  described  below  is  based  on  the  design 
of  a  0.25  meter  prototype  built  at  UCLA.  [8] 
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2  OVEN  DESCRIPTION  AND 

CHARACTERIZATION 

The  heat  pipe  oven  provides  a  homogeneous  metal  va¬ 
por  over  a  well  defined  length.  The  vapor  evaporates 
from  melted  metal  uniformly  distributed  by  capillary  action 
along  a  wick  lining  the  pipe  interior.  Metal  vapor  pressure 
is  defined  by  that  of  an  inert  gas  displaced  from  the  heated 
length  of  pipe  to  cold  pipe  ends,  where  it  forms  a  gaseous 
plug  which  can  be  easily  monitored[5,  6,  7], 

The  1  meter  long  heat  pipe  oven  shown  in  Figure  1  was 
constructed  of  a  56”  long  stainless  steel  tube  1 .5  inches  in 
diameter  with  an  inside  lining  of  3  1/2  turns  of  fine  stain¬ 
less  steel  mesh.  The  pipe  exterior  is  insulated  with  double 
layer  of  oven  brick.  A  total  of  three  independently  pow¬ 
ered  heater  tapes  are  wrapped  around  the  exterior  of  the 
oven  pipe.  The  temperature  profile  is  provided  by  an  exte¬ 
rior  array  of  five  K-type  (Chromel-Alumel)  thermocouples 
evenly  spaced  along  the  1  meter  length  with  spring  load¬ 
ing  to  improve  contact  with  the  heat  pipe  surface.  Auto¬ 
matic  temperature  regulation  is  performed  by  monitoring 
the  readouts  of  three  of  the  exterior  thermocouples  and  ad¬ 
justing  the  heater  tapes  to  maintain  any  input  setpoint  up  to 
750"C.  Heater  tape  power  is  interlocked  to  the  temperature 
of  the  water  jackets  on  both  ends  of  the  oven. 

The  temperature  profile  measured  in  the  oven  without 
Lithium  is  shown  in  Figure  2  and  was  measured  by  draw¬ 
ing  a  K  type  thermocouple  braced  inside  a  3/8  inch  stain¬ 
less  steel  pipe  through  the  oven.  The  corresponding  exte¬ 
rior  thermocouple  array  profile  is  shown  in  Figure  3a,  nor¬ 
malized  to  the  oven  central  temperature.  Both  measure¬ 
ments  provide  evidence  that  the  temperature  profile  taper 
extends  at  least  25  cm  from  the  water  jackets  (circulating 
at  30“C)  into  the  oven  interior  when  the  oven  does  not  con¬ 
tain  Lithium. 

Lithium  (40  g)  was  then  added  to  the  oven  and  sealed 
unit  was  filled  with  Helium.  Raising  the  oven  temperature 
results  in  the  change  in  temperature  profile  shown  in  Figure 
3b.  The  reduction  in  boundary  effects  and  flattening  of  the 
profile  indicates  that  Lithium  vapor  extends  along  a  one 
meter  length  at  the  desired  density,  corresponding  to  a  He 
pressure  of  200  mTorr. 

3  EXCIMER  MODE  CONTENT 

REDUCTION 

While  readily  available  Excimer  lasers  operating  with  ArF 
do  provide  the  necessary  photon  energy  to  ionize  the 
plasma,  in  practice,  the  use  of  an  Excimer  introduces  a  sig¬ 
nificant  complication.  To  form  a  meter-long  plasma,  the 
Excimer  spot  size  must  be  maintained  constant  over  a  dis¬ 
tance  of  1-2  meters,  a  requirement  in  conflict  with  the  high 
mode  content  typical  of  Excimers.  The  original  Excimer 
cavity  configuration  produced  the  tophat  intensity  profile 
and  could  not  have  been  coupled  into  the  beamline  with¬ 
out  significant  loss,  as  the  beam  diameter,  ...w ,  two  meters 
from  a  waist  of  5  mm  was  found  to  be  4  inches.  In  ad- 


Figure  2:  Oven  temperature  profiles  in  vacuum  (i.e.  with¬ 
out  Lithium)  measured  with  interior  thermocouple  for  two 
temperature  setpoints  reaching  or  exceeding  the  desired  op¬ 
erating  temperature  of  750“C. 


Figure  3:  Exterior  thermocouple  array  readouts  (normal¬ 
ized  to  central  oven  temperature)  with  and  without  Lithium 
as  a  function  of  distance  along  the  oven.  Note  the  reduc¬ 
tion  in  edge  effects,  a  signature  of  the  presence  of  Lithium 
vapor. 

dition,  the  high  modal  content  can  lead  to  loss  of  power 
in  long  transport  lines  if  the  higher  order  modes  diffract 
out  of  the  system.  For  the  E-157  Experiment  at  SLAC,  the 
physical  layout  of  the  beamline  and  surrounding  structures 
requires  that  the  laser  and  plasma  source  be  separated  by  a 
minimum  of  15  meters. 

We  addressed  this  problem  by  converting  the  Excimer 
cavity  from  a  stable  to  an  unstable  resonator  design  to  re¬ 
duce  mode  content.  The  unstable  cavity  resonator  consists 
of  a  planar  Aluminum  coated  high  reflector  and  an  un¬ 
coated  meniscus  lens  as  the  outcoupler,  followed  by  a  colli¬ 
mating  lens.  The  measured  mode  propagation  was  consis¬ 
tent  with  a  waist  located  at  the  virtual  focus  of  the  meniscus 
lens,  as  expected  from  simple  ray  tracing. 

To  simulate  transport  losses  for  the  unstable  resonator 
configuration,  power  loss  as  a  function  of  distance  was 
measured  using  only  a  single  collimating  lens  positioned 
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Figure  4:  Comparison  of  mode  propagation  for  5  mm  spot 
size  at  248  nm  for  stable  and  unstable  resonators  shows 
significant  reduction  in  mode  content. 


Figure  5:  Test  of  demagnifying  telescope  for  final  focus  of 
Excimer  at  193  nm  into  oven:  evolution  of  Excimer  mode 
at  193  nm  shows  only  minor  change  in  spot  size  over  one 
meter  propagation. 


about  10  cm  from  the  Excimer  output  port.  120  mJ  at 
248  nm  propagated  for  18  meters  without  significant  loss 
of  power  into  the  2”  aperture,  after  an  initial  drop  by  about 
a  factor  of  2  in  the  first  two  meters.  The  initial  drop  may  be 
reduced  through  the  use  of  3”  optics. 

The  mode  content  figures  of  merit  were  quantified  by 
performing  systematic  scans  of  the  beam  profile  through  a 
waist.  The  intensity  profile  itself  was  measured  by  imag¬ 
ing  the  fluorescence  produced  by  the  193  nm  radiation  in  a 
BK7  substrate  onto  a  CCD  camera.  A  beamsplitter  placed 
in  the  Excimer  path  prevented  damage  to  the  substrate  from 
the  small  spot  sizes.  The  profile  corresponding  to  the  sta¬ 
ble  resonator,  which  had  a  mode  content,  M  2  of  990  at  248 
nm;  the  M  2  figure  for  the  unstable  resonator  was  improved 
to  less  than  fifty  (Figure  4).  Mode  propagation  at  193  nm 
over  a  one  meter  length  after  demagnification  to  a  spot  size 
between  1  and  2  mm  is  shown  in  Figure  5,  confirming  that 


the  reduced  mode  content  permits  the  small  spot  size  to 
be  maintained  over  the  full  length  required  for  the  plasma 
source. 

The  final  coupling  of  the  Excimer  into  the  beamline  will 
be  implemented  using  thin  (150-300  micron)  fused  silica 
foils  with  a  high  reflecting  193  nm  dielectric  coating  on 
one  side  to  be  located  1-2  meters  from  the  oven  center.  For 
the  planned  Wakefield  experiments,  the  Excimer  incoupling 
and  outcoupling  foils  sit  directly  in  the  path  of  the  30  GeV 
electron  beam,  which  must  traverse  not  only  these  two  foils 
but  two  Beryllium  foils.  The  Be  foils  form  the  barrier  be¬ 
tween  the  heat  pipe  oven,  which  operates  at  a  pressure  of 
200  mTorr,  and  the  ultra-high  vacuum  of  the  surrounding 
beampipe.  The  potential  for  scattering  and  for  damage  to 
the  foils  has  been  considered.  Scattering  from  a  300  micron 
fused-silica  substrate  is  expected  to  be  small,  increasing  an 
initial  beam  divergence  from  2.5-10  „rad  to  a  little  over  20 
„rad.  The  foils  have  been  tested  in  the  beamline  without 
visible  signs  of  damage.  As  an  additional  note,  the  foils 
are  back-coated  with  an  Aluminum  substrate  and  serve  a 
double  role  as  an  OTR  beam  diagnostic  as  well  as  Excimer 
mirrors,  taking  advantage  of  their  proximity  to  the  oven  en¬ 
trance  and  exit  [3]. 

In  summary,  we  have  developed  one-meter  long  plasma 
source  suitable  for  experiments  to  investigate  the  plasma 
wakefield  excitation  of  an  extended  plasma  column  by  a 
30  GeV  electron  beam.  The  source  is  designed  to  provide 
a  plasma  density  of  101 4  cm1  3  over  dimensions  of  a  few 
mm  2  by  1  meter.  Temperature  profiles  have  been  recorded, 
and  the  signature  of  appropriate  densities  of  Lithium  va¬ 
por  has  been  observed  in  the  temperature  profile  boundary. 
In  order  to  provide  a  Lithium  plasma  of  the  required  di¬ 
mensions,  the  Excimer  cavity  resonator  was  reconfigured 
to  solve  the  problems  caused  by  high  mode  content.  Mea¬ 
surements  testing  the  performance  of  a  demagnifying  tele¬ 
scope  confirmed  that  that  the  Excimer  spot  could  be  main¬ 
tained  at  1-2  mm  width  over  extended  distances. 
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Abstract 

An  underdense  plasma-lens  experiment  is  planned  at  the 
UCLA  Neptune  Laboratory.  For  this  experiment,  a  LaB6- 
based  discharge  plasma  source  was  developed  and  tested. 
Test  results  of  the  plasma  source  show  that  it  can  pro¬ 
vide  satisfactory  argon  plasma  parameters  for  underdense 
plasma  lens  experiments,  i.e.,  a  density  in  low  1012  cm-3 
range  and  a  thickness  of  a  few  cm.  In  the  plasma  cham¬ 
ber  a  YAG  slab  and  a  Cherenkov  radiator  are  placed  for 
electron  beam  diagnostics  so  that  both  time-integrated  and 
time-resolved  information  will  be  obtained  and  compared 
with  the  MAGIC  code  (2  and  1/2  dimensional  particle-in- 
cell)  simulations.  In  this  paper,  the  planned  experiment  in¬ 
cluding  test  results  of  the  plasma  source,  diagnostics  and 
MAGIC  simulation  results  is  presented. 

1  INTRODUCTION 

The  UCLA  Neptune  beamline  was  commissioned  recently 
and  measurements  of  basic  beam  parameters  are  under 
way[l].  After  initial  beam  characterizations  a  series  of 
experiments  will  be  conducted.  One  of  them  is  the  un¬ 
derdense  plasma  lens  experiment,  where  the  beam  den¬ 
sity  is  larger  than  the  plasma  density.  Although  some 
thick  plasma  lens  experiments  in  underdense  and  overdense 
regimes  were  done  before,  a  thin  (in  the  sense  that  the 
plasma  thickness  is  smaller  than  the  focal  length)  under¬ 
dense  plasma  lens  has  not  been  explored  experimentally 
yet.  Thus,  a  LaB6-based  plasma  source  was  developed  and 
tested  for  this  experiment  at  the  UCLA  Neptune  Labora¬ 
tory.  In  the  ongoing  plasma  lens  experiment,  relatively 
long  electron  beams  will  be  used  so  that  the  head  part  of 
the  beam  is  used  to  produce  a  nearly  uniform  ion  channel 
by  expelling  out  the  plasma  electrons,  while  the  tail  part  of 
the  beam  is  focused  due  to  the  plasma  lens  effect  of  the  ion 
channel. 

2  PLANNED  EXPERIMENT  AND 
PLASMA  SOURCE  TEST 

The  plasma  lens  experiment  will  be  done  in  the  Neptune 
Laboratory,  which  consists  of  the  beamline,  drive  laser  for 
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the  photocathode  RF  gun,  RF  system,  plasma  source,  etc. 
Details  of  each  part  are  shown  elsewhere  [2,  3]  so  that  only 
brief  descriptions  are  given  here. 

2.1  Neptune  Beamline 

The  Neptune  beamline  consists  of  the  new  1 .625-cell  pho¬ 
tocathode  RF  gun,  PWT  linac,  chicane,  focusing  and  de¬ 
flection  magnets,  etc.  The  photocathode  RF  gun  (f=2.856 
GHz)  has  a  copper  cathode  and  it  is  illuminated  by  266-nm 
UV  laser  beams  for  photoelectron  generation.  In  the  RF 
gun,  electron  beams  are  accelerated  to  about  4.5  MeV,  and 
then  the  beams  are  injected  into  the  PWT  linac  with  7  and 
2  half  cells  for  further  acceleration.  In  this  way,  the  beams 
are  accelerated  up  to  about  16  MeV. 

2.2  Photocathode  Drive  Laser 

To  generate  photoelectrons  from  the  copper  cathode  of  the 
RF  gun,  high  power  UV  laser  beams  are  required.  As  will 
be  shown  in  Sec.  3,  the  plasma  lens  experiment  needs 
electron  beams  with  about  25  ps  (FWHM)  or  longer  du¬ 
ration.  To  generate  this  kind  of  relatively  long  and  high 
power  UV  laser  beams,  the  500-m-long  optical  fiber  and 
the  gratings  in  the  present  laser  system  are  bypassed  [4]. 
Hence,  the  photocathode  drive  laser  system  for  the  plasma 
lens  experiment  consists  of  the  mode-locked  Nd:YAG  laser 
(A  =  1.064  fim,  80  ps  FWHM),  Nd:glass  regenerative  am¬ 
plifier,  two  BBO  crystals  for  frequency  quadrupling,  etc.  In 
this  way,  266-nm  UV  beams  with  25  to  30  ps  duration  can 
be  generated. 

2.3  RF  System 

The  photocathode  RF  gun  and  PWT  are  powered  by 
the  same  klystron  (24  MW  SLAC  XK-5)  and  modulator. 
About  1/3  of  the  klystron  RF  power  is  sent  to  the  gun  and 
about  2/3  of  the  RF  power  is  fed  into  the  PWT  linac.  The 
RF  pulse  width  can  be  changed  in  several  //s  range  by  the 
modulator. 

2.4  Underdense  Plasma  Source 

The  plasma  source  generates  argon  plasmas  resulting  from 
cathode-anode  pulse  discharges.  Figure  1  shows  the 
schematic  of  the  plasma  source.  It  consists  of  a  7-cm- 
diameter  LaB6  cathode,  tantalum  hollow  anode,  beam- 
plasma  interaction  chamber,  solenoids  for  plasma  confine- 
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ment  and  guiding,  etc.  For  thermal  electron  emission  the 
LaB6  cathode  is  heated  up  to  over  1300  °C  by  a  0. 1  -0 
graphite  heater,  and  a  voltage  pulse  of  about  100  V  is  ap¬ 
plied  between  the  cathode  and  anode  for  several  ms.  As  a 
result,  a  discharge  plasma  is  generated  and  the  plasma  is 
guided  to  flow  towards  the  beam-plasma  interaction  cham¬ 
ber  with  the  help  of  the  confining  magnetic  field.  At  the 
entrance  of  the  beam-plasma  interaction  chamber  there  is  a 
sliding  door  to  control  plasma  thickness. 


Figure  1 :  Schematic  of  the  plasma  source. 


Plasma  density  in  the  beam-plasma  interaction  chamber 
depends  on  several  parameters  such  as  neutral  argon  pres¬ 
sure,  discharge  voltage,  magnetic  field  strength  and  cath¬ 
ode  temperature.  To  find  the  optimum  condition  the  pa¬ 
rameters  were  changed  one  by  one  and  the  plasma  den¬ 
sity  was  measured  in  the  chamber  with  a  cylindrical  Lang¬ 
muir  probe.  It  turned  out  that  the  cathode  temperature  and 
magnetic  field  are  two  dominant  factors.  In  other  words, 
the  plasma  density  increases  significantly  when  the  cath¬ 
ode  temperature  and  magnetic  field  increases  slightly. 

Figure  2  shows  plasma  density  profiles  measured  along 
the  electron  beam  path  for  two  different  conditions.  Figure 
2(a)  was  obtained  when  the  sliding  door  gap  was  1.5  cm, 
while  Fig.  2(b)  was  obtained  when  the  sliding  door  gap 
was  1  cm.  As  expected,  Fig.  2(b)  profile  has  a  smaller 
peak  plasma  density  (1.1  x  1012  cm-3)  and  narrower  width 
(effective  width  =  2.9  cm)  compared  to  Fig.  2(a). 

As  shown  in  Fig.  1,  high  energy  electron  beams 
are  designed  to  propagate  in  the  plasma  transversely  and 
the  beams  will  be  focused  downstream.  To  take  time- 
integrated  beam  images  resulting  from  the  plasma  focus¬ 
ing,  an  undoped  YAG  slab  with  a  thickness  of  0.5  mm  is 
installed  in  the  beam-plasma  interaction  chamber.  In  addi¬ 
tion,  a  Cherenkov  radiator  is  placed  in  the  chamber  to  ob¬ 
tain  time-resolved  information  of  the  focused  beams.  Both 
the  YAG  slab  and  the  Cherenkov  radiator  can  be  moved 
longitudinally  along  the  beam  path. 


Distance  (cm) 


Distance  (cm) 

Figure  2:  Longitudinal  plasma  density  profiles  for  two  dif¬ 
ferent  conditions. 

3  PARTICLE-IN-CELL  CODE 
SIMULATION  RESULTS 

To  predict  experimental  results,  computer  simulations  with 
a  particle-in-cell  code  (MAGIC)  have  been  performed.  For 
this  simulation  the  beam  and  plasma  parameters  in  Table  1 
were  used. 


Table  1 :  Beam  and  plasma  parameters  for  simulations. 


beam  energy 

16  MeV 

charge  per  bunch 

4  nC 

beam  duration  (FWHM) 

30  ps 

normalized  emittance 

10  mm-mrad 

beam  density 

2.6xl012  cm"3 

beam  radius  at  plasma  entrance 

400  fj,m 

plasma  density 

1.1  xlO12  cm-3 

effective  plasma  thickness 

2.25  cm 

Figure  3  shows  beam  particle  trajectories.  In  this  ex¬ 
ample,  the  beam  density  is  2.5  times  larger  than  the  plasma 
density  and  the  beam  rise  time  is  also  larger  than  the  plasma 
oscillation  time  (l/wp  =  17  ps)  so  that  the  plasma  elec¬ 
trons  are  almost  adiabatically  expelled  from  the  beam  path 
when  the  beam  propagates  in  the  plasma.  Hence,  after  a 
couple  of  plasma  oscillations  a  nearly  uniform  ion  channel 
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Figure  3:  Electron  beam  trajectory.  The  solid  line  shows 
the  plasma  density  profile  with  the  parameters  in  Table  1 . 


is  formed  and  the  tail  part  of  the  beam  is  focused  by  the  ion 
channel.  This  phenomenon  is  observed  in  Fig.  3.  As  shown 
in  the  figure,  the  head  part  of  the  beam  is  not  focused  and 
it  continues  to  expand  due  to  an  emittance  effect,  while  the 
tail  part  of  the  beam  is  tightly  focused  after  about  2/up  and 
then  it  expands  radially.  Its  focal  length  is  observed  to  be 
about  9  cm,  which  is  in  good  agreement  with  the  impulse 
focusing  approximation  [5]. 


Figure  4:  Beam  current  density  profiles  near  cathode  and 
at  focus. 


The  plasma  focusing  will  change  a  beam  current  den¬ 
sity  profile  downstream.  This  is  shown  in  Fig.  4,  where 
the  solid  line  represents  the  initial  Gaussian  density  profile 
near  the  cathode  and  the  other  two  dotted  lines  are  profiles 
at  the  focus  at  different  instants.  It  is  shown  that  the  beam 
is  radially  focused,  but  its  current  density  profile  at  the  fo¬ 
cus  is  significantly  deformed  from  the  initial  profile  near 
the  cathode.  This  is  related  with  the  highly  dynamical  pro¬ 
cess  of  an  ion  channel  formation  in  the  plasma.  To  reduce 
the  nonlinear  focusing  effect  the  plasma  and  beam  densities 
can  be  increased.  In  this  case,  the  plasma  oscillation  period 
is  smaller  and  the  ion  channel  will  be  formed  in  a  shorter 
time  so  that  the  tail  part  of  the  beam  will  experience  a  less 
nonlinear  focusing.  Then  the  density  profile  deformation 
will  be  mitigated. 

4  PRESENT  STATUS  AND 
CONCLUSIONS 

Since  the  test  results  of  the  plasma  source  were  reported 
previously  [3],  a  couple  of  problems  in  the  plasma  source 
have  been  improved.  For  example,  some  parts  of  the 
plasma  source  were  too  hot  during  operation  in  the  past, 
but  this  problem  was  solved  by  adding  an  additional  cool¬ 
ing  structure.  In  addition,  the  solenoidal  magnetic  field  for 
plasma  confinement  deflects  electron  beams  transversely 
and  this  could  be  a  problem  for  Cherenkov  radiator-streak 
camera  measurements.  Hence,  new  solenoids  with  a 
smaller  diameter  and  iron  shielding  were  designed  and  the 
old  solenoids  were  replaced  by  the  new  ones  to  minimize 
the  beam  deflection.  Basically  the  plasma  source  is  ready 
for  experiments.  Hence,  after  the  ongoing  measurements 
of  basic  beam  parameters,  the  plasma  source  will  be  as¬ 
sembled  with  the  Neptune  beamline  for  the  plasma  lens  ex¬ 
periment. 
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1  INTRODUCTION 

Proton  and  heavy  ion  accelerators  of  the  medial  energy 
are  very  important  in  science  and  technology.  First  of  all 
in  the  medicine,  in  the  field  of  elimination  of  nuclear 
waste,  for  the  creation  safe  subscritical  reactors  and  so 
on.  Their  usage  will  help  to  cure  cancer,  to  develop 
safety  nuclear  energetic,  to  protect  environment  and  so 
on.  Unfortunately  large  size  of  the  accelerators  that  could 
be  about  1  km  length  and  high  cost  that  is  about  1 
billion  and  even  more  gives  limitation  their  wide 
applications.  Right  now  the  society  understands  the 
importance  of  all  the  problems  listed  above  and  we  are 
able  to  create  and  develope  new  solution  in  the  field  of 
these  accelerators  design. 

We  have  developed  a  conceptual  design  for  high- 
gradient  linear  proton  and  heavy  ion  medium  energy 
accelerators,  based  on  the  new  physical  principle. 

We  are  going  to  discuss  only  major  ideas  leaving  all  the 
details  for  the  future  examine. 

2.  Accelerator  scheme  BESTAC  (ballistical 
electrostatical  accelerator)  has  two  parts.  The  main  and 
additional,  that  are  connected  in  one  unit.  The  main  part 
is  responsible  for  the  ion  acceleration  itself.  It  has 
quazispherical  shape.  The  addition  part  is  electron  linac 
for  which  provides  work  ability  of  the  main  part. 

BESTAC  operates  in  impulse  regime.  The  principle  of 
BESTAC  performance  we  can  qualitatively  explain  by 
dividing  the  process  of  the  impulse  generation  into  4 
following  stages: 

1.  Vacuum  camera  ("VC")  is  made  from  conductive 
materials,  grounded  and  put  into  longitudinal  magnetic 
field.  VC  has  four  main  and  few  assisting  vacuum 
windows.  The  main  windows  (#  1,2, 3, 4)  are  located  two 
perpendicular  diameter  of  the  chamber.  A  small  specially 
shaped  and  constructed  body  is  injected  into  VC  at  the 
initial  moment  throughout  the  window  #  1.  This  body  (so 
called  "ballistic  anode")  freely  moves  from  window  #  1  to 
window  #  2  along  ballistic  trajectory  and  crosses  the 
central  part  of  VC. 

2.  Ballistical  anode  is  irradiated  by  positron  beam  than  it 
cross  the  central  part  of  vacuum  chamber.  We  should 
have  such  energy  current  duration  and  form  of  the  beam 


impulse  to  provide  accumulation  of  the  positive  charge 
on  the  ballistical  anode,  but  not  the  scattering  and  losses 
of  the  positrons  on  ballistical  anode  and  ballistical  anode 
heating.  This  is  regime  exists  according  to  our 
calculations  and  is  called  "change  pumping". 
Quazistatical  difference  of  potential  appears  between 
ballistical  anode  and  vacuum  chamber  wall  while 
ballistical  anode  moved  along  ballistic  trajectory.  The 
quantity  and  duration  of  the  potential  is  determined  by 
competition  between  the  processes  of  the  charge 
accumulation  of  positrons  and  charge  losses. 

The  loss  of  the  charge  caused  by  numerous  reasons 
(cold  ion  emission  from  the  surface  of  ballistic  anode, 
cold  electron  emission  from  the  inner  surface  of  vacuum 
chamber,  photoeffects,  electrical  break  of  physical 
vacuum,  generation  of  electron-positron  cascade  and  so 
on.  The  difference  of  potential  between  ballistical  anode 
and  vacuum  chamber  could  be  very  high  if  we  can 
produce  sufficient  current  of  positrons,  sufficient  size  of 
vacuum  chamber  and  sufficiently  high  vacuum.  Current 
is  the  most  important  feature.  The  potential  difference  is 
possible  to  use  for  the  ions  acceleration  during  the  time 
of  its  existence. 

3.  The  surface  of  ballistical  anode  itself  can  be  the  source 
of  the  protons  and  heavy  ions,  if  it  is  radiated  by  laser 
impulse  and  transformed  into  plasma.  The  second  way 
for  the  protons  and  heavy  ions  emission  can  be  the 
special  construction  of  ballistical  anode,  when  the 
electric  field  strength  on  the  small  part  of  ballistical 
anode  surface  that  is  located  in  front  of  the  window  #  2  is 
enough  for  cold  ion  emission.  This  is  very  similar  to  the 
ion  source,  based  on  field  evaporation.  If  our  goal  is  the 
production  of  neutral  particles  we  have  to  put  the  source 
of  negative  ions  on  the  line  of  windows  #  2-  #  4  out  of 
vacuum  chamber.  In  this  case  at  first  the  negative  ions 
are  accelerated  from  the  wall  of  vacuum  chamber 
towards  ballistical  anode.  On  ballistical  anode  they  are 
neutralized  and  then  leave  vacuum  chamber  through  the 
window  #  4.  They  can  be  transformed  into  positive  ions 
if  the  thickness  of  ballistical  anode  is  large  enough  and 
additionally  accelerated  between  ballistical  anode  and 
vacuum  chamber  similar  the  tandem  acceleration 
scheme. 

4.  Ballistical  anode  continues  to  move  uncharged  along 
ballistic  trajectory,  if  the  process  of  ballistical  anode 
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charge  and  discharge  occurs  during  ballistical  anode 
flight  time  across  central  part  of  vacuum  chamber.  Then 
it  leave  vacuum  chamber  through  the  window  #  3. 

It  is  necessary  to  repeat  all  these  cycles  1-4  to  generate 
impulse  of  protons  and  ions  current  again. 

Addition  part  of  BEST  AC  is  consists  of  two  parts:  the 
accelerator  of  the  positrons  (linac)  and  the  source  of 
positrons. 

Accelerator  shapes  the  positron  beam  for  the  ballistical 
anode  irradiation  and  charge. 

The  electric  field  between  ballistical  anode  and  vacuum 
chamber  is  the  energy  source  for  the  ion  beam. 

This  field  receives  energy  from  the  kinetic  energy  of  the 
positron  beam.  We  can  say  that  the  specially  constructed 
ballistical  anode  is  the  transformer  of  the  light  positive 
particles  into  the  heavy  ones.  Positrons  penetrates  into 
ballistical  anode  substance,  and  can  thermolized  and 
annihilated  if  their  energy  is  not  very  high.  The  part  of 
the  electrons  disappears  and  quazineutrality  breaks.  The 
major  part  of  electric  field  is  located  in  the  space  between 
ballistical  anode  and  vacuum  chamber,  and  the  rest 
penetrates  into  ballistical  anode  substance  up  to  few 
interatomic  distances. 

3.  The  charge  pumping  regime  is  not  normal  for  beam- 
target  interaction.  As  usual  the  ballistical  anode 
substances  is  heated  and  transformed  into  plasma.  In  this 
case  it  is  impossible  to  have  the  regime  of  charge 
pumping  because  even  cold  plasma  has  practically 
unlimited  emission  capability.  To  realize  the  maximum 
charge  pumping  regime  it  is  necessary  to  fulfil  few 
conditions. 

The  major  of  them  are: 

1.  Ballistical  anode  has  to  be  positive;  In  this  case  the 
electric  field  strength  on  ballistical  anode  surface  can  be 
up  to  10A9V/cm  and  its  potential  10A9  r  (cm)  volts. 

2.  It  is  necessary  to  use  the  light  charged  particles 
because  they  have  the  penetration  length  that  is  two 
orders  higher  than  ions  have  and  as  a  result  of  the 
ballistical  anode  heating  will  be  two  orders  less. 

3.  The  positrons  energy  has  to  grow  in  time  according  to 
the  linear  law  if  the  beam  current  is  constant  ("saw  - 
toothed  "voltage).  The  quantity  of  electric  charge  and 
potential  on  ballistical  anode  will  have  a  linear  increase 
also  at  the  constant  positrone  current.  To  overcome  this 
potential  we  should  have  the  linear  increase  of  kinetic 
energy  of  the  positrones  also,  according  to  saw  toothlaw 
and  positrones  energy  should  be  a  little  bit  higher  (Ae  ) 
than  electrical  potential  energy  of  the  ballistocal  anode 
surface. 

4.  The  difference  between  kinetic  energy  of  the  particles 
and  the  quantity  of  energetic  width  Ac  is  limited  Ag 
is  determined  by  the  target  size,  because  length  of  the 


positrone  penertration  has  to  be  lower  than  target  size.  In 
this  case  the  positrone  penetrates  into  the  substance 
ballistical  anode,  thermolized  and  annihilates 
approximatly  homogeneously  in  the  ballistical  anode 
volume,  this  reduces  the  local  overheating. 

5.  Geometrical  shape  of  ballistical  anode  should  provide 
the  maximum  cross  section  of  the  positrone  neglection  at 
the  determined  value  of  Ae  .  We  can  guarantee  almost 
no  loss  of  positrons  through  scattering  in  the  the 
longitudianl  magnetic  field. 

We  should  have  sufficiently  high  vacuum  and  large 
vacuum  chamber  size  to  quarantee  the  regime  of  charge 
pumping.  The  residual  gas  is  going  to  be  tunnel  ionized 
in  the  vacuum  chamber  by  the  strong  electric  field  that 
leads  the  electric  current  formation  from  vacuum  to 
ballistical  anode  and  ion  current  formation  on  the  inner 
surface  of  vacuum  chamber.  Definitly  this  current  will  be 
increased  with  the  pressure  of  residual  gas  increasee.  Gas 
ionization  is  going  into  the  sphere  with  radius  equal  to 
few  ballistical  anode  scale  during  charge  pumping. 

4.  Let  us  carry  out  main  estimations  for  the  case  of  1 

GeV  proton  accelerator  by  assuming  that  electrical  field 

strenth  is  about  5  •  1 0A8  V/cm,  one  obtains: 

1.  Radius  of  ballistical  anode  -  2  cm 

2.  Radius  of  vacuum  chamber  -  200  cm 

3.  Number  of  positrons  ~  10A15  -  10A16 

4.  Velocity  of  ballistical  anode  -  4  m/sec  (min)  -  1000 

m/sec  (max) 

5.  Linac  positron  current  -  (10A-2  -  25)  A 

6.  Saw-tooth  low:  ymcA2(Gev)  = 


x  =  10A-2  (max)  -  4.10A-5  (min) 


7.  Ae  ~  20  MeV  (for  light  materials), 

-  80  MeV  (for  medial  materials) 
-160  MeV  (for  heavy  materials) 

Ae 


8.  - - -  ~  (2-16)% 

ymc1 

9.  Vacuum  ~  10A(-1 1-12)  torr 


5  CONCLUSIONS 

We  propose  new  physical  principle  for  the  generation  of 
high  intensive  impulses  of  electrical  fields  and  for 
acceleration  of  protons  and  ions.  The  principle  involves: 

1.  Usage  of  the  ballistical  anode,  as  a  transformer  of 
charge  particles. 

2. Usage  of  the  positron  beams  for  the  charge  pumping  of 
ballistical  anode. 

3.  Usage  of  the  high  vacuum  and  spherical  geometry  as 
a  high  voltage  insulator. 

4.  Usage  of  the  high  gradient  linac  as  an  energy  source 
for  protons  and  ion  beams. 
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Abstract 


This  paper  proposes  a  new  method  of  proton  acceleration. 
A  slow  plasma  wave  produced  by  backward  Raman  scatter¬ 
ing  captures  slow  protons  injected.  A  density  gradient  of  a 
plasma  enables  the  wave  phase  velocity  to  increase  as  the 
proton  test  beams  are  accelerated.  A  proof-of-principle  ex¬ 
periment  is  proposed  using  a  T3  laser  and  test  beams  from  a 
Van  de  Graaff  accelerator,  in  which  a  500mJ  laser  will  give 
acceleration  gain  of  ~  50MeV  in  a  distance  of  500/im. 


1  INTRODUCTION 

This  paper  proposes  a  proton  acceleration  using  plasma 
wavesf  1],  based  on  the  same  principle  which  has  success¬ 
fully  accelerated  electrons  with  a  large  acceleration  gradi¬ 
ent.  It  uses  the  electric  field  of  a  plasma  wave  excited  by 
a  laser.  The  laser  is  scattered  into  either  forward  or  back¬ 
ward  directions  in  a  plasma.  The  forward  scattering  ex¬ 
cites  a  plasma  wave  whose  phase  velocity  is  almost  equal 
to  the  group  velocity  of  the  pump  laser.  This  fast  plasma 
wave  has  been  used  in  electron  acceleration.  This  method 
is  called  self-modulated  laser  wakefield  acceleration,  be¬ 
cause  the  laser  pulse  is  modulated  at  the  plasma  frequency 
by  the  forward  instability.  To  the  contrary,  the  backward 
scattering  excites  a  slow  plasma  wave,  and  it  is  this  slow 
wave  that  we  are  going  to  use  for  proton  acceleration. 

Relativistic  electrons  have  light  velocity,  so  they  can  be 
synchronous  with  the  relativistic  plasma  wave  whatever  en¬ 
ergy  they  have.  Protons  below  lGeV,  however,  increases 
their  velocity  as  they  are  accelerated.  The  technical  diffi¬ 
culty  of  the  proton  acceleration  using  a  plasma  wave  is  to 
give  it  increasing  phase  velocity  synchronous  with  the  ac¬ 
celerated  proton  velocity.  In  this  proposal,  the  synchroniza¬ 
tion  is  enabled  by  the  density  distribution  of  the  plasma. 

This  paper  consists  of  five  sections.  Following  this  in¬ 
troductory  section,  the  second  section  describes  the  phase 
velocity  of  the  plasma  wave  that  can  trap  the  protons.  The 
third  section  briefly  describes  backward  Raman  scattering. 
The  fourth  section  proposes  acceleration  in  a  plasma  with 
tapered  density,  in  which  the  phase  velocity  of  the  plasma 
wave  increases  as  the  test  beam  is  accelerated.  A  proof- 
of-principle  experiment  is  also  proposed.  The  last  section 
gives  discussion  and  conclusions. 


Figure  1 :  Maximum  and  minimum  proton  energies  that  can 
be  trapped  by  a  plasma  wave  with  7P.  Solid  lines:  ni/no  = 
1,  broken  lines:  ni/no  =  0.1. 

2  TRAPPING  OF  PROTONS  IN  A 
PLASMA  WAVE 

The  motion  of  protons  in  a  plasma  wave  is  described  by  a 
pair  of  equations: 

d'y/dz  =  — (eE/rripC2)  sixi(f>, 

d(j,/dz  =  kp(l//3p  —  1/P),  (1) 

where  E  is  the  field  of  the  plasma  wave,  mp  is  the  proton 
mass,  f3  and  7  are  those  of  the  protons  and  (ip  is  that  of 
the  plasma  wave.  They  mean  that  the  wave  phase  velocity 
1 3V  should  be  equal  to  the  particle  velocity  /?,  otherwise  the 
energy  gain  cannot  be  constant. 

However,  the  protons  can  remain  to  be  trapped  by  the 
wave  even  if  the  condition  (3P  =  (3  is  not  strictly  satisfied, 
as  far  as  sin0  <  0  in  eq.  (1).  This  condition  of  trapping 
is  equivalent  to  that  the  kinetic  energy  of  protons  is  smaller 
than  the  wave  potential  $[2].  We  use  prime  symbols  to 
denote  variables  in  the  wave  frame.  The  condition  then 
becomes 

(7'  -  l)mpc2  <  e$',  (2) 

so  the  boundary  energy  of  the  protons  that  can  be  trapped 
is  7 'rripC2  =  e$'  +  mpc2.  In  the  laboratory  frame  we  have 
two  boundary  energies, 

7±=7p7'(1±/V?')-  (3) 

Using  eE  —  ekp$'  =  efcp4>  and  eE  =  ( ni/no)meu}pvp , 
we  have  7'  =  (ni/no)(me/mp)7P/?2  +  1,  where  ni  is 
the  electron  density  in  the  wave  and  no  is  the  background 
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Figure  2:  Dependence  of  phase  velocity  of  the  plasma  wave 
produced  in  the  Raman  scattering  on  Upjup. 


electron  density.  Inserting  this  into  eq.(3),  we  have  the  re¬ 
lation  between  7  and  7P,  which  is  depicted  in  Fig.l.  This 
figure  gives  the  energy  range  of  protons  that  are  trapped 
by  a  plasma  wave  at  specific  7P.  This  width  is  ~  ±7% 
at  7 p  =  1.1  and  ny/no  =  1,  and  decreases  as  7 p  and 
ni/no  =  1  decrease.  We  have  to  tune  the  phase  velocity  of 
the  plasma  wave  within  this  range  in  order  to  perform  the 
successful  acceleration. 

3  BACKWARD  RAMAN  SCATTERING 

In  the  forward  Raman  scattering,  both  the  plasma  wave  (de¬ 
noted  by  suffix  ’p’  hereafter)  and  the  scattered  radiation 
with  suffix  ’F’  propagate  in  the  same  direction  as  the  pump 
radiation  (denoted  by  suffix  ’L’).  In  the  backward  scatter¬ 
ing,  the  scattered  radiation  with  suffix  ’B’  propagates  in  the 
opposite  direction,  though  the  plasma  wave  has  the  same 
direction  as  the  pump  radiation.  The  dispersion  relations 
of  the  electromagnetic  waves  in  a  cold  plasma  are  given  by 
u2  =  u2  +  c2k2,  where  x  =  L,  F  or  B.  The  conditions 
for  resonance  are  up  =  uv  +  ux,  kL  =  kp  +  kp,  and 
kL  =  kp  —  kp,  where  x  =  F  or  B.  They  give  the  phase 
velocity  of  the  plasma  wave  vp  —  c/3p,  where 

a  1 

p  UL  y/1  -  (up/uL)2  Ty/l-  {2Lup/uL)  ’  ^ 

with  -  and  +  signs  corresponding  to  forward  and  backward 
scatterings,  respectively.  It  is  shown  in  Fig.2  as  a  function 
of  upj  up.  As  is  clear  in  the  figure,  the  phase  velocity  of 
the  plasma  wave  produced  by  the  backward  scattering  is 
the  increasing  function  of  the  plasma  density.  The  phase 
velocity  curves  of  the  forward  and  backward  scattering- 
produced  plasmas  merge  at  the  point  where  ul  =  2up, 
at  which  /3P  =  1/ \/3. 

The  backward  Raman  scattering  had  been  studied  vig¬ 
orously  in  the  1970’s  in  connection  with  laser  fusion.  We 
summarize  here  the  main  features  obtained  then  [3]. 

Growth  rate  of  the  backward  Raman  scattering  is  given 
by  7  =  {vq/c)2{uLUp)1^2.  Landau  damping  suppresses 
this  scattering,  unless  [3] 

u)p/u>L  >  2 Vth/c,  (5) 


where  vth  =  (kBTe/me)1^2.  This  requirement  is  most  dif¬ 
ficult  to  fulfill  at  beam  injection.  Approximating  kp  =  2k l 
and  up  =  ckp,  we  have  up/up  =  2/3p.  The  0  value  of 
the  injected  protons  should  be  equal  to  the  (3P  value  of 
the  plasma  wave.  The  condition  of  eq.(5)  then  becomes 
ft  >  vth/c.  This  restriction  limits  the  lowest-possible  in¬ 
jection  energy.  Electron  temperatures  lOeV,  lOOeV,  IkeV 
...  requires  the  injection  (3  of  0.006,  0.02,  0.06,...,  respec¬ 
tively. 

The  plasma  wave  decay  can  be  slower  than  the  growth 
of  the  backward  instability.  However,  once  the  pump  laser 
fades  out,  the  plasma  wave  decays  so  quickly  because  of 
the  Landau  damping  that  we  cannot  expect  a  short  laser 
pulse  to  leave  a  wake  which  survives  until  a  slow  proton 
beam  arrives.  In  other  words,  the  laser  pulsewidth  has  to 
be  longer  than  the  acceleration  time.  This  situation  differs 
from  the  case  of  electron  acceleration  where  ’’wakefield  ac¬ 
celeration”  is  possible. 

The  electric  field  associated  with  a  fast  plasma  wave  is 
approximately  eE  =  (riy  /  no)meupc.  This  cannot  be  ap¬ 
plied  to  our  case  of  a  slow  plasma  wave.  We  have  instead 

eE  =  (ni/n0)meujpVp.  (6) 

The  Manley-Rowe  relation  gives  the  maximum-possible 
ni/no  value  as  a  function  of  the  electron  quiver  velocity 
vq  in  the  laser  field[4]: 

(ni/n0)2  ~  (up/up)(2v2/jv/h),  (7) 

where  7  is  the  specific  heat  ratio.  In  one-dimensional 
model  we  have  7  =  3. 

In  this  proposal,  we  use  a  plasma  with  tapered  density.  In 
such  an  inhomogeneous  plasma,  the  resonant  condition  can 
hold  only  locally.  The  propagation  of  the  plasma  wave  out 
of  this  resonant  region  then  provides  an  additional  thresh¬ 
old,  which  is  [3], 

(vq/c)2kLL  >  1,  (2 u)p  <  up),  (8) 

where  L  =  [{l/n){dn/ds)}^1  is  a  length  characterizing 
the  density  gradient,  with  s,  the  distance  along  the  density 
gradient. 

The  laser-driven  instability  growth  has  to  balance  the 
plasma  wave  decay.  It  remains  an  open  question  whether 
such  a  balance  is  achievable.  One  solution  to  control  this 
instability  is  the  use  of  a  second  laser  which  acts  as  a  seed 
for  the  instability [1],  This  seed  laser  should  be  frequency- 
shifted  by  Up  from  the  pump  laser  and  injected  from  the 
counter  direction  of  the  pump  laser.  In  other  words,  the 
seed  laser  should  have  the  same  frequency  and  direction  of 
the  backscattered  radiation.  This  is  a  heatwave  accelera¬ 
tion  in  which  the  beat  frequency  of  pump  and  seed  lasers  is 
equal  to  the  plasma  frequency. 

4  TAPERED  DENSITY  METHOD  AND 
PROOF-OF-PRINCIPLE  EXPERIMENT 

We  now  try  to  carry  out  a  simple  calculation,  with  a 
proof-of-principle  experiment  in  mind.  We  assume  to 
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Figure  3:  Results  of  the  calculation,  (a)  beam  energy  (7) 
vs.  distance,  (b)  propagation  distance  vs  time,  (c)  required 
plasma  density  vs  distance. 


use  2.5MeV  proton  beams  {(3  =  0.078,  7  —  1.00267) 
from  a  Van  de  Graaff  of  Hiroshima  University,  and  a 
Ti:sapphire  laser  with  Xi  =800nm.  We  set  the  final  en¬ 
ergy  as  50MeV  (J3  =  0.314,  7  =  1.0533).  We  as¬ 
sume  n\  /no  —  1/2  to  have  the  acceleration  gradient  as 
eE(s)  =  mecfip(s)u)p(s) /2.  A  more  realistic  ni/no  value 
should  be  determined  by  PIC  simulations. 

The  calculation  is  based  on  eq.(l):  The  second  equation 
is  used  to  derive  the  /3P  which  makes  d(f>/dt  =  0  for  given 
/ 3  by  the  first  equation.  The  plasma  density  to  give  this  Bp 
is  the  solution  of  eq.(4). 

Figure  3  shows  results  of  the  calculation.  Figure  3  (a) 
and  (b)  show  that  the  energy  gain  of  ~50MeV  is  attained 
in  the  acceleration  time  of  ~  12ps  and  acceleration  distance 
of  ~  0.5mm.  Figure  3  (c)  shows  that  the  plasma  density  has 
to  be  tapered  from  ~  2.5  x  1019cm-3  to  ~  3  x  102°cm-3. 
Figure  3  (d)  shows  tha  the  density-gradient  length  defined 
by  eq.  (8)  was  larger  than  150/im. 

The  Vq  j  c  value  required  by  eq.  (8)  is  ~  0.03,  or  laser  in¬ 
tensity  I  =  3.90  x  1015W  •  cm-2.  If  we  assume  the  waist 
size  as  15^m,  the  laser  power  becomes  27.5GW.  The  laser 
pulse  width  of  15ps  requires  the  laser  energy  of  413mJ. 
This  laser  intensity  makes  the  tunneling  ionization  possi¬ 
ble.  Equation  7  tells  that  the  ni/no  value  slightly  exceeds 
unity  in  this  laser  intensity,  though  it  does  not  take  the  spa¬ 
tial  inhomogeneity  into  account. 


5  DISCUSSION 

There  of  course  exist  some  problems  to  be  solved  in  this 
method.  First  of  all  good  simulation  studies  are  necessary, 
which  checks  the  phase  continuity  of  the  plasma  wave  in 
the  density  gradient,  and  estimates  exact  value  of  accelera¬ 
tion  gradient  and  its  time  evolution. 

The  major  technical  problem  is  the  creation  of  the 
plasma  density  gradient.  A  gas  flow  flux  from  an  orifice 
limited  by  a  skimmer  has  the  radial  distribution  similar  to 
that  in  Fig.  3(c)[5],  Further  studies  are  necessary  to  apply 
this  method  to  our  experiment.  Development  of  the  chirped 
seed  laser  may  become  necessary  to  control  the  instabil¬ 
ity.  Even  if  each  technique  were  independently  established, 
there  would  remain  the  problem  of  synchronization  among 
the  acceleration  gradient,  the  plasma-density  gradient  and 
the  laser-frequency  chirping.  Some  good  diagnostics  and 
feedback  control  are  essential  to  perform  the  experiment. 

In  conclusion,  a  method  is  proposed  to  accelerate  pro¬ 
tons  by  a  slow  plasma  wave  produced  in  the  backward  Ra¬ 
man  scattering.  It  adjusts  the  plasma  density  to  match  the 
phase  velocity  of  the  plasma  wave  to  the  velocity  of  the 
protons  accelerated.  Energy  of  a  commercially-available 
laser  is  large  enough  to  excite  such  a  plasma  wave.  Physi¬ 
cal  and  technical  problems  are  remain  to  be  studied,  which 
include  Raman  instability  studies  and  realization  of  a  ta¬ 
pered  plasma. 
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Abstract 


We  report  on  the  observation  of  high  energy  ions  with  en¬ 
ergies  up  to  1  MeV  accelerated  pondermotively  by  a  re- 
lativistically  self-focused  intense  5  TW,  400  fs  laser  pulse 
in  a  supersonic  He  gas  jet  on  the  distance  of  a  laser  spot 
size.  Probing  interferometry  was  used  to  observe  on-axis 
electron-ion  cavitation  followed  by  the  plasma  expansion 
with  a  high  radial  velocity  of  ~  3.8  •  108  cm/s.  Using  the 
nuclear  track  detector  CR-39,  we  confirmed  that  the  ions 
are  preferentially  accelerated  in  the  radial  direction  and  the 
total  energy  in  high  energy  ions  is  about  1%  of  the  laser 
energy.  Developed  kinetic  modeling  provides  a  reasonable 
description  of  a  plasma  channel  formation  and  ion  acceler¬ 
ation. 

1  INTRODUCTION 

An  interaction  of  ultra-high  intensity  short  laser  pulses 
with  underdense  plasma  is  of  considerable  interest  from 
the  standpoint  of  basic  physics  and  potential  application 
for  advanced  inertial  confinement  fusion,  x-ray  lasers  and 
particle  accelerators  [1,  2,  3].  The  ultra-high  electromag¬ 
netic  fields  in  the  laser  focus  produce  an  extremely  high 
pondermotive  force  that  expels  free  electrons  from  the 
laser  axis  and  relativistically  modifies  the  electron  mass, 
plasma  frequency  and  the  plasma  refractive  index  so  that 
the  plasma  acts  as  a  positive  lens  that  further  increases 
the  focused  intensity  .  If  the  laser  pulse  duration  is  long 
enough,  the  charge  separation  produces  strong  electrostatic 
fields  ~  1  GV/cm  which  can  accelerate  ions  to  MeV  ener¬ 
gies. 

2  EXPERIMENTAL  SETUP 

The  experiment  has  been  performed  using  the  10  TW 
Ti:sapphire-Nd:glass  CPA  laser  system  at  the  Center  for 
Ultrafast  Optical  Science,  University  of  Michigan.  The 
laser  operates  at  the  wavelength  A0  =  1.053  /mi,  and  pro¬ 
duces  pulses  with  the  energy  up  to  4  J  in  400  fs  (FWHM) 
with  an  intensity  contrast  ratio  ~  105  :  1.  The  50  mm 
diameter  laser  beam  was  focused  with  an  off-axis  para¬ 
bolic  mirror  (// 3.3,  /  =  16.5  cm)  to  a  10  /tm  spot  with 
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a  vacuum  intensity  of  6  •  1018  W/cm2.  The  radial  dis¬ 
tribution  of  laser  intensity  demonstrates  also  ~  50  /xm  in 
diameter  wings  that  contain  approximately  10%  of  laser 
energy.  The  laser  beam  was  focused  in  a  high  backing 
pressure  (~  7  MPa)  He  gas  jet  expanding  through  a  1  mm 
diameter  nozzle.  The  optimal  conditions  for  beam  guiding 
correspond  to  the  laser  focusing  on  the  jet  edge  at  a  dis¬ 
tance  x  =  0.5  —  0.75  mm  from  the  nozzle,  where  the  He 
atom  density  is  ~  4  •  1019  cm-3. 

The  probe  beam  with  wavelength  A  =  1.053  /xm  was 
obtained  by  splitting  ~  5%  of  the  pump  pulse,  propagated 
through  an  adjustable  motorized  optical  delay,  and  probed 
the  plasma  in  the  direction  perpendicular  to  the  interaction 
beam.  The  plasma  was  imaged  by  spherical  lens  with  the 
angular  aperture  7°  on  two  12-bit  CCD  cameras  to  produce 
shadowgram  and  interferogram.  The  spatial  and  temporal 
resolution  was  10  /tm  and  400  fs,  respectively.  The  air- 
wedge  shearing  interferometer  has  been  used  for  the  elec¬ 
tron  density  measurements.  To  measure  ion  angular  distri¬ 
bution  we  placed  around  the  gas  jet  at  the  distance  ~  16 
cm  1 1  slits  with  a  width  ~  100  /tm  and  ~  10  degrees  apart 
from  each  other.  We  positioned  nuclear  track  detectors  CR- 
39  behind  the  slits  at  a  distance  ~  16  cm.  Analysis  of  ion 
energy  distribution  was  done  by  measurements  of  an  indi¬ 
vidual  track  size  in  CR-39  after  an  etching  procedure. 

3  RESULTS  AND  DISCUSSION 

We  followed  the  plasma  evolution  for  the  time  period  from 
-2  to  +55  ps.  We  observed  a  fast  gas  ionization  in  the 
cone  angle  (~  17°)  of  the  laser  ~  2  ps  before  the  pump 
pulse  arrival.  The  laser  intensity  in  the  temporal  foot  and  in 
the  spatial  wings  of  the  pulse  was  above  1015  W/cm2,  that 
was  sufficient  for  the  tunneling  ionization  of  He  atoms.The 
transverse  size  of  the  formed  plasma  was  about  100  /xm  in 
diameter.  When  the  laser  power  exceeds  a  critical  power 
Pc  =  \lncjne  GW  (where  nc  is  the  critical  density  for  the 
interaction  laser  pulse)  self-focusing  and  self-channeling 
can  occur  as  a  result  of  two  effects:  (i)  the  relativistic  in¬ 
crease  of  electron  mass  in  the  laser  field  and  (ii)  the  reduc¬ 
tion  of  the  electron  density  on  axis  due  to  the  expulsion  of 
the  electrons  by  the  laser  pondermotive  force.  We  observed 
the  first  signature  of  plasma  channel  formation  at  t  =  0  ps. 
The  change  in  sign  of  the  phase  shift  derivative  in  a  narrow 
axial  region  in  the  interferogram  indicates  the  decrease  of 
the  phase  shift  and  hence  the  decrease  of  on-axis  electron 
density  Fig.  1. 

The  two-dimensional  reconstruction  of  the  electron 
density  profile  has  been  performed  using  the  Abel  inversion 
procedure  with  an  assumption  of  the  axial  symmetry  of  a 
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z  =  o 


Figure  1:  Interferogram  taken  at  time  t=5  ps,  showing  on- 
axis  electron  cavitation.  Plane  z  —  0  indicates  the  position 
of  focal  plane  in  vacuum. 


plasma  and  attributing  all  changes  of  the  refraction  index  fi 
to  free  electrons.  The  inferred  electron  density  profile  for 
time  moment  t  =  35  ps  is  presented  in  Fig.  2.  The  max¬ 
imum  electron  density  is  ~  7.6  •  1019  cm-3  at  a  radius  of 
~  20  fin i  and  the  estimated  depth  of  the  plasma  channel  is 
up  to  80  —  90%.  The  radius  of  the  plasma  channel  is  less 
than  10  pm. 


Figure  2:  Spatial  electron  density  distribution  for  time  mo¬ 
ment  of  t=35  ps. 

We  also  observed  fast  ambient  gas  ionization  in  the  ra¬ 
dial  direction  for  probe  time  delays  greater  than  10  ps.  If 
we  define  the  plasma  edge  as  a  region  where  the  electron 
density  is  equal  to  5  •  1018  cm-3,  then  from  R  —  t  diagram 
of  plasma  expansion,  presented  at  Fig.  3  one  can  find,  that 
the  radial  expansion  velocity  is  equal  to  ~  3.8  •  108  cm/s. 
Plasma  regions  with  a  higher  degree  of  ionization,  1.5  - 1019 
cm-3  expand  with  velocity  ~  2.5  •  108  cm/s.  The  channel 
diameter  has  even  slower  velocity  ~  4  ■  107  cm/s. 

We  attributed  an  ambient  gas  ionization  to  the  propaga¬ 
tion  of  fast  Helium  ions.  These  ions  are  accelerated  by 
the  electrostatic  field  of  charge  separation  produced  in  a 
plasma  when  the  electrons  are  expelled  from  the  laser  beam 
channel  due  to  the  radial  component  of  the  ponderomotive 
force  and  have  an  energy  of  more  than  300  keV.  The  mean 
free  path  of  such  ions  in  a  normal  pressure  gas  is  few  mil¬ 
limeters,  and  they  penetrate  through  a  gas  as  a  projectiles, 
experiencing  only  small  angle  elastic  scattering  and  loosing 
their  energy  to  the  neutral  atoms  via  excitation  and  ioniza¬ 


Figure  3:  Evolution  of  the  plasma  radius  for  the  cross- 
section  z  =  100  pm.  Experimental  points  show  the  posi¬ 
tions  of  electron  densities  5  - 1018  cm-3  and  1.5-1019  cm-3, 
and  the  evolution  of  the  plasma  channel  diameter.  The  the¬ 
oretical  curves  have  been  obtained  from  the  developed  kin¬ 
etic  model. 


tion.  The  velocity  of  such  fast  ions  is  comparable  to  the  ve¬ 
locities  of  bound  electrons  in  the  Helium  atom,  and  there¬ 
fore  ions  efficiently  ionize  the  ambient  gas.  Their  ioniza¬ 
tion  cross-section  is  about  3  •  10-16  cm2  [4],  and,  therefore, 
each  ion  produces  approximately  one  electron-ion  pair  on 
a  1  fim  path  in  the  Helium  gas  with  a  density  of  ~  4  •  1019 
cm-3. 

To  formulate  quantitatively  the  physical  model  of  plasma 
channel  formation  we  supplement  the  quasistationary  de¬ 
scription  of  the  relativistic  electrons  by  the  kinetic  descrip¬ 
tion  of  the  cold  collisionless  nonrelativistic  ions  with  the 
mass  m,i  and  charge  Ze.  Assuming  that  ions  move  only  in 
radial  direction,  the  kinetic  equation  for  the  ion  distribution 
function,  /*,  reads: 


dfi 

dt 


+  v , 


dfi 

dr 


+ 


Z  dh 

_ p  —  n 

rP  a  _  U  ’ 
rrii  *  avi 


CD 


The  last  term  in  the  left  hand  side  accounts  for  the  ion  ac¬ 
celeration  due  to  the  electric  field  produced  by  the  pon¬ 
deromotive  force: 


Fp  =  — mec2V\/l  +  a2/2 ,  (2) 

where  a  =  0.85  •  10”9  Ao[ptm]  \J I  [W/cm2]  is  the  normal¬ 
ized  slowly  varying  vector-potential  of  the  laser  field  and 
I  is  the  laser  pulse  intensity.  Equation  (1)  has  been  solved 
numerically  by  the  particle-in-cell  method.  The  radial  ve¬ 
locity  of  the  ions  after  the  laser  pulse  ends  reads: 

Vi  ~  j +  fl2/2-  (3) 

This  formula  predicts  the  ion  energy  spectrum  0  <  e*  < 
em0x  with  the  energy  cutoff 

_  Z2m2c4  a40T2  Z2  t2  4 

max  1 6miV20  1  +  a2/2  A  r2  1  +  a2/ 2  MeV  ’ 

(4) 
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where  a0  «  3.6^/Eq/t  A0/r0  is  the  maximum  vector- 
potential  of  the  interaction  laser  pulse  and  A  is  the  ion  mass 
number.  Here  Eo  is  measured  in  Joules,  r  in  ps,  Ao  and  ro 
in  microns.  According  to  this  formula,  in  the  relativistic 
limit,  ao  >  1,  the  ion  energy  is  approximately  proportional 
to  the  pulse  energy  and  pulse  length,  and  inversely  propor¬ 
tional  to  the  fourth  power  of  the  laser  beam  radius.  This 
high  power  radius  dependence  can  be  used  to  resolve  an 
inverse  problem:  to  estimate  the  laser  channel  radius  know¬ 
ing  the  ion  energy. 

The  laser  channel  radius,  ro  has  been  varied  in  order 
to  fit  the  observed  rate  of  secondary  plasma  production, 
dNe/dt,  and  the  velocity  of  plasma  expansion  with  a  given 
electron  density  (see  Fig.  3).  We  found  also  an  import¬ 
ance  of  the  He-gas  excitation  which  can  contribute  as  much 
as  50%  to  the  observed  interferometrically  change  in  the 
plasma  refraction  index.  The  comparison  of  axial  velocit¬ 
ies  of  plasma  expansion  calculated  from  the  model  with 
the  measured  experimentally  allows  to  deduce  an  axial  de¬ 
pendence  of  the  laser  channel  radius,  tq{z).  Knowing  the 
laser  energy  in  a  given  cross-section,  one  finds  also  the  on- 
axis  laser  intensity,  Io(z).  In  this  simulation  we  assume 
an  exponential  decrease  of  E0  with  z  that  corresponds  to 
60%  laser  energy  loss  on  1  mm  length  and  was  measured 
in  other  experiment  [5].  The  results  of  this  reconstruction 
of  the  laser  channel  characteristics  in  a  plasma  are  shown  in 
Fig.  4.  One  can  see  two  regions  of  laser  channel  compres¬ 
sion  at  z  —  100  and  600  //m.  We  infer  that  the  maximum 
value  of  laser  intensity  in  the  plasma  channel  exceeds  the 
vacuum  intensity  by  almost  3  times. 


Figure  4:  Axial  dependence  of  the  laser  channel  radius 
(curve  1,  solid  line)  and  on-axis  laser  intensity  (curve  2, 
dashed  line)  for  parameters  of  the  experiment. 

Knowing  the  axial  dependence  of  the  laser  energy, 
Eo{z),  and  the  laser  channel  radius,  r0(z),  we  can  find  the 
axial  characteristics  of  fast  ion  generation.  In  Fig.  5a  we 
show  the  total  number  of  fast  ions,  with  energies  above  the 
given  energy,  integrated  over  the  laser  channel  length: 
Ntotai  =  f  dz  J*’nax  deNi(e,z).  We  found  that  the  total 
number  of  the  fast  ions  with  the  energy  higher  than  100 


keV  is  ~  1012  and  with  the  energy  higher  than  300  keV  is 
~  3  •  1011.  This  results  were  confirmed  by  the  direct  obser¬ 
vation  of  high  energy  ions  with  the  nuclear  track  detector 
CR-39.  We  also  found  when  studying  the  angular  distri¬ 
bution  of  the  emitted  ions  that  they  are  accelerated  prefer¬ 
entially  in  the  direction  perpendicular  to  the  channel  axis. 
The  FWHM  of  the  ion  angular  distribution  (see  Fig.  5b)  is 
~  20  degrees  which  is  close  to  the  cone  angle  of  the  fo¬ 
cused  beam.  We  didn' t  observed  any  accelerated  ions  in  a 
forward  direction  because  of  much  smaller  pondermotive 
force  in  this  direction. 


Number  of  ions  (a.u.) 


Figure  5:  (a)  Total  number  of  fast  ions  with  energies  ex¬ 
ceeded  integrated  over  the  laser  channel  length  for  para¬ 
meters  of  the  experiment.  Solid  line  is  the  Maxwellian 
function  with  the  temperature  of  80  keV.  (b)  Normalized 
angular  distribution  of  fast  ions  emitted  from  the  channel. 
Solid  line  is  a  Gaussian  fit  to  the  data. 

An  estimated  total  energy  in  fast  ions  can  be  as  high  as 
one  percent  of  the  laser  energy.  In  spite  of  predicted  by  the 
theory  a  sharp  energy  cut-off  at  about  500  keV  we  observed 
Q-particles  with  the  energy  up  to  1  MeV.  This  result  can  be 
explained  by  the  influence  of  electron  pressure  due  to  high- 
temperature  plasma  heating  which  has  not  been  taken  into 
consideration  in  a  theoretical  modeling. 
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Abstract 

The  Ion  Cyclotron  Resonance  Accelerator  (ICRA)  uses  a 
novel  geometry  which  combines  the  radial  confinement 
and  azimuthal  acceleration  of  cyclotrons  together  with  the 
axial  drift  used  in  gyrotrons.  Use  of  a  common  NbTi 
superconducting  solenoid  and  an  rf  driven  magnetron 
structure  lead  to  a  simple,  lightweight,  and  compact 
machine  that  could  be  designed  for  portability.  An  ICRA 
designed  to  accelerate  protons  to  10  MeV  would  be  ideal 
for  production  of  PET  isotopes  or  as  an  accelerator  based 
neutron  source.  As  a  demonstration  of  the  concept,  an 
ICRA  has  been  built  that  accelerates  a  proton  beam  to 
50  keV.  This  paper  presents  the  50  keV  design  and  gives 
experimental  results. 

1  INTRODUCTION 

The  Ion  Cyclotron  Resonance  Accelerator  (ICRA),  should 
provide  beam  suitable  for  the  production  of  radioisotopes 
for  positron  emission  tomography  (PET)  or  neutrons  for 
material  research  at  a  fraction  of  the  cost  of  the  cyclotrons 
or  linacs  presently  used  for  these  applications. 

In  a  cyclotron,  the  magnetic  field  confines  ions  radially 
and  focuses  them  axially,  while  the  beam  is  accelerated  in 
the  azimuthal  direction.  In  a  gyrotron  a  dc  electron  beam 
is  radially  confined  around  magnetic  field  lines  but  is 
allowed  to  drift  axially  while  the  energy  of  the  beam  is 
converted  into  microwaves  within  a  resonant  structure. 
The  ICRA  is  similar  to  the  cyclotron  in  that  ions  orbit 
around  magnetic  field  lines  while  being  accelerated 
azimuthally.  However,  the  beam  is  allowed  to  drift 
axially,  as  in  a  gyrotron.  The  ICRA  differs  from  the 
cyclotron  primarily  in  this  lack  of  axial  focusing  and  in  the 
type  of  rf  accelerating  structure. 

Jory  and  Trivelpiece  demonstrated  electron  cyclotron 
resonance  acceleration  in  1968  [1].  However,  until  now, 
this  method  of  acceleration  has  not  been  demonstrated  for 
ions.  The  ICRA  extends  cyclotron  resonance  acceleration 
to  ions  by  using  a  high  field  superconducting  solenoid 
together  with  an  rf  driven  magnetron  structure  operating  at 
a  harmonic  of  the  cyclotron  frequency.  The  resulting  high 
rf  frequency  together  with  the  fact  that  the  magnetron 
structure  is  basically  a  lumped  circuit  means  that  the 
accelerating  structure  can  be  small  enough  to  fit  into  a 
solenoid  of  reasonable  diameter  [2]. 


Unlike  many  accelerators,  the  beam  produced  in  an 
ICRA  will  have  a  full  energy  spread  ranging  from  the 
injected  energy  to  the  peak  accelerated  energy  (E-,.^). 
However,  for  the  applications  discussed  here  a  mono- 
energetic  beam  is  not  required,  in  fact  generally  all 
energies  above  VzE^,.  will  be  useful  for  these 
applications. 

Beam  extraction  in  the  ICRA  is  inherently  simple  since 
all  beam  drifts  axially  through  the  solenoid  to  the  target 
position  where  it  can  be  isolated  from  the  accelerator 
mitigating  maintenance  and  radiation  shielding  issues. 
Because  the  compact,  superconducting  solenoid  does  not 
require  any  steel,  the  ICRA  could  be  light  (<2  tons)  and 
hence  portable,  making  it  possible  for  the  radioisotope  or 
neutron  source  to  be  shared  by  several  institutions  or  used 
in  the  field. 

The  main  components  of  an  ICRA,  shown  in  figure  1, 
are  the  superconducting  magnet,  ion  source,  electrostatic 
bend,  accelerating  structure,  and  the  target.  The  ion  beam 
is  extracted  from  the  source  directly  along  a  field  line  so 
that  the  v  x  B  force  on  the  beam  is  zero.  At  the 
electrostatic  bend,  the  dc  beam  is  deflected  (into  the  page 
in  figure  1)  so  that  its  momentum  perpendicular  to  the  B- 
field  (pj  causes  ions  of  charge  q  to  orbit  around  field 
lines  at  radius  r  =  p±/qB.  The  remaining  parallel 
momentum  (p„)  causes  the  beam  to  spiral  axially  into  the 
high  field  region.  At  the  acceleration  region  the  B-field  is 
relatively  flat  and  the  beam  drifts  axially  through  the 
magnetron  structure.  While  inside  the  magnetron,  the 
beam  is  accelerated  by  rf  electric  fields  which  are 
transverse  to  the  axial  B-field.  Upon  exit  from  the 
magnetron,  the  beam  spirals  into  the  lower  field  of  the 
extraction  region  until  striking  a  target  downstream  [3]. 

Our  initial  design  for  a  10  MeV  proton  model  would 
use  an  8  Tesla  superconducting  magnet  and  a  488  MHz 
magnetron.  A  computer  code  developed  for  modeling  the 
ICRA  uses  many  single  particle  trajectories  to  model  the 
beam  phase  space.  Modeling  of  the  10  MeV  design 
predicted  that  a  2  mA  injected  beam  of  2ji  mm  mrad 
(unnormalized),  would  produce  13  pA  of  beam 
accelerated  to  an  energy  range  of  5  to  10  MeV  [3].  This 
current  level  would  be  useful  for  PET  isotope  or  neutron 
production. 
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Figure  1 :  Cutaway  view  of  the  50  keV  ICRA  experiment 


In  order  to  demonstrate  the  ICRA  and  benchmark  the 
computer  code  in  a  relatively  short  time  and  with  limited 
funds,  a  low  energy  50  keV  proton  ICRA  has  been 
designed,  built,  and  tested.  The  design  and  experimental 
results  of  this  proof-of-principle  device  are  presented  in 
the  following  sections. 

2  DESIGN 

2.1  Superconducting  Magnet 

The  superconducting  solenoid  provides  a  2.5  Tesla 
magnetic  field  in  a  20.3  cm  warm  bore.  At  this  field,  the 
cyclotron  frequency  for  protons  is  38  MHz.  The 
resonance  requirement  over  the  acceleration  region  (for 
about  10  turns),  leads  to  a  field  flatness  criterion  of 
AB/B  <0.5%.  The  solenoid  used  has  a  field  flatness 
suitable  for  an  acceleration  region  of  5  cm  in  axial  length. 

2.2  Ion  Source  and  Injection 

The  ion  source  is  a  simple  electron  filament  source  with  a 
0.51  mm  aperture.  H2  gas  is  fed  into  the  source  along  with 
Argon  as  a  support  gas.  A  6.4  keV  dc  beam  is  extracted 
along  a  field  line.  An  Einzel  lens  provides  a  wide  range  of 
focusing  before  the  beam  enters  the  electrostatic  bend. 
The  electrostatic  bend  consists  of  two  copper  plates  with 
an  axial  length  of  2  cm  and  a  gap  of  0.8  cm. 

2.3  Accelerating  Cavity 

A  classic  magnetron  structure  operating  at  the  4lh 
harmonic  (torf  =  4coc)  would  not  fit  into  the  20.3  cm  warm 
bore  of  the  2.5  Tesla  superconducting  magnet.  The 
solution  was  to  build  a  hybrid  quarter  wave  /  magnetron 
cavity.  This  allowed  the  inductive  component  of  the 
resonant  structure  to  be  extended  in  the  axial  direction 


rather  than  radially  as  in  a  pure  magnetron.  The  result  is  a 
shortened  A/4  coaxial  cavity  with  magnetron  vanes 
mounted  across  its  open  end  [4].  Our  design  operates  at 
the  4"1  harmonic,  thus  there  are  a  total  of  2n=8  vanes.  Of 
the  8  vanes,  every  other  vane  is  electrically  connected  to 
the  outer  conductor  of  the  A/4  cavity,  and  the  remaining  4 
vanes  are  connected  to  the  inner  conductor  and  interleaved 
between  the  first  4  vanes. 

The  finished  rf  cavity  operates  at  152  MHz  and 
generates  a  gap  voltage  of  3  kV  at  100  watts  input  power. 
The  inner  diameter  of  the  magnetron  is  tapered  for 
improved  acceleration  as  the  beam  radius  increases.  The 
acceleration  region  has  an  entrance  diameter  of  1.1  cm,  an 
exit  diameter  of  2.5  cm,  and  an  axial  length  of  5  cm. 

2.4  Beam  Diagnostics 

The  50  keV  ICRA  is  equipped  with  three  diagnostics  for 
measuring  the  beam.  On  the  injection  side,  a  Faraday  cup 
with  phosphor  coating  can  be  moved  into  the  beam  at  a 
point  immediately  upstream  from  the  electrostatic  bend. 
This  Faraday  cup  is  used  for  aligning  the  ion  source  on  a 
magnetic  field  line  and  for  measuring  the  total  injected 
beam  current. 

On  the  extraction  end  there  are  two  beam  diagnostics. 
The  first  is  a  Faraday  cup  mounted  on  a  motion 
feedthrough  that  can  be  moved  radially  to  intercept  the 
beam.  This  radial  probe  is  used  to  measure  the  beam 
radius  and  to  obtain  the  current  vs.  energy  distribution  of 
the  accelerated  beam.  The  radial  probe  has  an  electron 
blocker  mounted  on  the  upstream  edge  which  prevents 
secondary  electrons  from  the  cavity  from  reaching  the 
radial  probe.  The  second  beam  diagnostic  on  the 
extraction  end  is  a  large  Faraday  cup  with  phosphor 
coating  and  a  glass  viewport  so  that  the  image  of  the 
accelerated  and  unaccelerated  beams  can  be  viewed. 
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3  EXPERIMENTAL  RESULTS 

The  ion  source  produces  Ef,  H2+  and  Ar\  However, 
immediately  downstream  of  the  electrostatic  bend,  ions 
with  greater  mass  will  orbit  in  the  magnetic  field  with 
larger  radii.  Since  the  size  of  each  gyro  radius  increases 
with  the  bending  voltage,  each  constituent  in  the  beam  can 
be  clipped  on  the  aperture  at  the  entrance  to  the 
acceleration  region  until  only  the  innermost  ion  beam 
remains.  This  technique  is  used  to  insure  that  only  the  fT 
beam  is  injection  into  the  acceleration  region.  It  can  also 
be  used  to  obtain  a  mass  spectrum  of  the  ion  beam  and 
allow  measurement  of  the  total  H+  beam  current. 

Several  techniques  have  been  developed  for 
measurement  of  injected  beam  parameters  such  as  r,  Ar,  pz 
and  Apz.  These  measurements  are  important  for 
comparison  with  the  full  computer  model. 

Acceleration  of  the  FT  beam  was  first  obtained  in 
January  1999.  The  beam  orbit  was  shown  to  have  a  large 
diameter  by  observing  the  image  of  the  accelerated  beam 
on  the  extraction  viewer,  then  moving  the  radial  probe  into 
the  beam  and  observing  the  shape  and  location  of  the 
shadow  cast  into  the  beam  image. 

Since  beam  energy  is  proportional  to  the  square  of  the 
radius,  a  radial  scan  can  be  plotted  as  an  energy 
distribution.  Figure  2  shows  what  fraction  of  the  proton 
beam  is  accelerated  to  above  a  given  energy  (rf  on)  and 
the  6.4  keV  injected  beam  (rf  off).  Total  beam  current 
was  9.2  nA.  Notice  that  the  graph  shown  is  an  integrated 
distribution. 


Figure  2:  Measured  Energy  Distribution 
for  the  50  keV  ICRA 


The  measured  current  requires  three  corrections  due  to 
the  geometry  of  the  radial  probe.  Data  in  figure  2  has 
been  corrected  for  beam  lost  on  the  electron  blocker,  and 
for  the  fact  that  the  axial  length  of  the  probe  is  insufficient 
to  intercept  all  of  the  beam.  An  additional  correction  that 
has  not  yet  been  applied  to  the  data  is  to  account  for  a 
range  of  energies  included  at  each  data  point.  This  effect 
is  caused  by  the  slope  on  the  radial  probe  and  leads  to  the 
roll  off  seen  on  the  unaccelerated  beam  in  figure  2. 
However,  the  magnitude  of  this  correction  is  small  for 


energies  above  ViE^,  and  will  only  shift  current  from  low 
energy  toward  higher  energies. 

The  three  vertical  dotted  lines  in  figure  2  mark  the 
injected  beam  energy,  ViEdesign ,  and  EJ  lr  limited  by  the 
exit  diameter  of  the  magnetron  cavity  (E.  .  =  48keV). 
The  figure  shows  that  beam  is  accelerated  up  to  46  keV 
and  that  more  than  7%  of  the  total  beam  current  is  above 
Vi  of  the  design  energy. 

4  DISCUSSION 

The  50  keV  ICRA  was  designed  primarily  based  on 
analytical  calculations,  together  with  experience  from 
previous  computer  modeling  results.  Analytical 
calculations  have  been  shown  to  be  accurate  for 
calculating  most  aspects  of  the  central  ray  through  the 
system.  However,  the  computer  code  is  necessary  when 
using  many  rays  to  model  a  finite  phase  space  volume  for 
determination  of  the  accelerated  beam  current  and  for 
calculating  the  range  of  magnetic  detuning. 

Computer  modeling  is  currently  underway  with  the  goal 
of  comparing  experimental  results  with  the  computational 
predictions  and  to  benchmark  the  code.  Injection  beam 
parameters  such  as  r,  Ar,  pz ,  Apz  have  been  measured  and 
should  provide  the  information  needed  to  model  the 
injected  beam  phase  space. 

5  CONCLUSION 

The  50  keV  ICRA  experiment  has  successfully 
demonstrated  ion  acceleration  using  the  same  axial  drift 
geometry  that  is  characteristic  of  gyrotrons.  A  proton 
beam  has  been  accelerated  to  the  design  energy  with  over 
1%  of  the  beam  current  above  Vi  of  the  peak  energy. 
Computer  modeling  and  comparison  to  measured  data  is 
currently  underway  with  the  goal  being  to  benchmark  the 
ICRA  code.  With  this  tool  in  hand,  it  will  be  possible  to 
design  a  10  MeV  proton  machine  that  should  offer  a  new 
low-cost  alternative  to  machines  currently  being  used  for 
applications  such  as  production  of  medical  radioisotopes, 
accelerator  based  neutron  sources,  and  for  some  materials 
science  applications. 
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Abstract 

Progress  is  reported  on  the  Staged  Electron  Laser 
Acceleration  (STELLA)  experiment,  which  has  been 
assembled  on  the  BNL  Accelerator  Test  Facility  (ATF). 
The  primary  goal  of  STELLA  is  to  demonstrate  staging 
of  the  laser  acceleration  process  by  using  the  BNL 
inverse  free  electron  laser  (IFEL)  as  a  prebuncher,  which 
generates  ~l-pm  long  microbunches,  and  accelerating 
these  microbunches  using  an  inverse  Cerenkov 
acceleration  (ICA)  stage.  Experimental  runs  are 
underway  to  recommission  the  IFEL  and  ICA  systems 
separately,  and  reestablish  the  microbunching  process. 
Staging  will  then  be  examined  by  rufining  both  the  IFEL 
and  ICA  systems  together. 


microbunches  with  the  10-pm  laser  beam  wave  inside 
the  ICA  gas  cell.  The  basic  layout  for  the  experiment  is 
depicted  in  Fig.  1. 


Figure  1 :  Conceptual  layout  STELLA  experiment. 


1  INTRODUCTION 

The  primary  goal  of  the  Staged  Electron  Laser 
Acceleration  (STELLA)  Experiment,  located  at  the  BNL 
Accelerator  Test  Facility  (ATF),  is  to  demonstrate  laser 
acceleration  of  optically  prebunched  microbunches  [1-2]. 
Specifically,  the  BNL  inverse  free  electron  laser  (IFEL) 
[3]  will  be  used  to  prebunch  the  electrons  into  a  bunch 
length  of  ~1  pm.  The  STI  inverse  Cerenkov  accelerator 
(ICA)  [4]  will  be  used  to  accelerate  these  microbunches. 
Critical  issues  that  will  be  addressed  during  this 
experiment  include  proper  rephasing  of  the 


The  experiment  is  nearly  fully  assembled  at  the  ATF 
and  is  currently  undergoing  recommissioning  of  the 
primary  system  components.  This  paper  describes  the 
progress  to  date. 

2  DESCRIPTION  OF  EXPERIMENT 

2.1  Electron  Beamline 

Figure  2  is  a  drawing  of  Beamline  #1  at  the  ATF  where 
the  STELLA  experiment  is  located.  The  electrons  enter 
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Figure  2:  Layout  of  STELLA  beamline. 
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from  the  right.  There  are  three  locations  along  the 
beamline  where  the  e-beam  must  be  focused  to  small 
sizes.  The  first  is  a  turning  mirror  with  a  3-mm  dia. 
central  hole  located  inside  the  beamline  at  GPOP1.  This 
mirror  is  used  to  direct  the  ATF  psec  C02  laser  beam  [5] 
into  the  IFEL  wiggler.  The  second  constraint  is  the  60- 
cm  long  sapphire  waveguide  with  an  internal  diameter  of 
2.8  mm,  which  is  used  to  channel  the  laser  radiation 
through  the  IFEL  wiggler  [3],  The  third  constraining 
location  is  within  the  ICA  gas  cell  where  the  e-beam 
needs  to  be  focused  to  <100  pm  for  optimum  spatial 
overlap  with  the  focused  laser  beam  inside  the  ICA 
acceleration  region.  Triplets  along  the  beamline  are 
used  to  focus  the  e-beam  through  these  various  constraint 
points. 

2.2  Prebuncher  (IFEL) 

Details  of  the  IFEL  design  are  in  Ref.  3.  The  wiggler 
parameter  values  for  STELLA  are  listed  in  Table  1. 

Table  1 :  IFEL  wiggler  parameters  for  STELLA. 


Parameter 

Design  Value 

Wiggler  length 

47  cm 

Wiggler  period 

3.3  cm  (untapered) 

Wiggler  gap 

0.4  cm 

K  parameter 

2.86  for  45  MeV  e-beam 

On  axis  peak  field 

0.927  T  (based  on  K  value) 

Unlike  the  previous  IFEL  demonstration  discussed  in 
Ref.  3,  which  used  a  tapered  wiggler,  the  purpose  of  the 
IFEL  for  the  STELLA  experiment  is  not  to  impart  large 
energy  gains  onto  the  beam.  Rather  only  a  modest 
amount  of  energy  modulation  (±0.55%)  is  necessary  to 
cause  optimum  microbunching  to  occur  at  the  ICA  gas 
cell  located  2  m  downstream  from  the  IFEL.  This 
implies  only  relatively  low  laser  power  is  needed  to 
drive  the  IFEL.  This  is  one  of  the  reasons  for  choosing  a 
uniform  wiggler.  The  performance  of  an  untapered 
wiggler  is  also  more  tolerant  of  variations  in  the  e-beam 
and  laser  beam  parameters. 

2. 3  Laser  Accelerator  ( ICA ) 

Reference  4  contains  more  explanation  about  the  ICA 
system.  The  gas  cell  is  designed  to  use  a  20  mrad 
Cerenkov  angle.  Hydrogen  gas  is  used  as  the  phase 
matching  medium  at  a  pressure  of  ~2  atm.  In  order  to 
minimize  the  effects  of  gas  and  window  scattering, 
which  can  degrade  the  trapping  process,  the  interaction 
length  inside  the  cell  is  6.5  cm.  New,  thinner  1-pm  thick 
diamond  windows  for  the  e-beam  will  be  used  at  the 
entrance  and  exit  to  the  cell. 

An  important  issue  during  the  experiment  is  spatially 
overlapping  the  e-beam  and  laser  beam  inside  the  cell. 
When  focused  by  the  axicon  [4]  onto  the  e-beam,  the 


laser  beam  focal  diameter  will  be  200  pm  FWHM.  The 
central  100  pm  of  this  200-pm  beam  is  relatively 
uniform  in  field.  Hence,  the  e-beam,  which  will  be 
focused  to  <100  pm,  needs  to  propagate  through  this 
central  100-pm  width  of  the  focused  laser  beam  over  the 
entire  6.5  cm  interaction  length. 

A  new  type  of  beam  position  monitor  (BPM),  capable 
of  detecting  both  the  e-beam  and  laser  beam  with  high 
resolution,  will  be  used  inside  the  gas  cell  in  ensure  the 
spatial  overlap  of  the  beams.  This  BPM  consists  of  a  1- 
mm  thick,  2.54-cm  dia.  silicon  wafer  coated  with  a  thin 
layer  of  oxidized  vanadium  (VOs)  [6]  that  can  be 
inserted  perpendicular  to  the  e-beam  and  laser  beam 
propagation.  A  small  mirror  held  below  the  centerline  of 
the  silicon  wafer  permits  the  face  of  the  VO,-coated  side 
of  the  wafer  to  be  viewed  from  above  using  a  camera 
with  a  macro-zoom  lens. 

A  photograph  of  the  wafer/mirror  system  is  given  in 
Fig.  3.  This  BPM  is  designed  to  be  remotely  inserted 
onto  the  beam  axis  using  electrical  solenoids.  Two  of 
these  BPMs  will  be  used  inside  the  gas  cell  near  the 
beginning  and  end  of  the  interaction  region. 

The  VO,,  when  heated  to  a  temperature  of  ~50°C, 
changes  its  reflectivity  when  the  COz  laser  beam  is 
focused  onto  it.  The  extremely  fine  grain  size  of  the  VO, 
permits  features  <1  pm  to  be  resolved.  (In  this  system 
the  resolution  is  limited  to  -10  pm  by  the  camera/lens 
system.)  A  Nichrome  wire  in  the  shape  of  a  single  loop 
is  pressed  against  the  outer  edge  of  the  wafer  by 
sandwiching  the  wafer  and  wire  between  two  Teflon 
rings  (see  Fig.  3).  This  wire  is  used  to  heat  the  wafer. 
Another  attractive  feature  of  this  BPM  is  that  the  image 
on  the  VO,  remains  after  exposure  to  the  laser  light  as 
long  as  the  wafer  is  kept  heated.  This  image  can  be 
erased  by  allowing  the  wafer  to  cool. 


Figure  3:  Photograph  of  oxidized  vanadium  BPM. 


3723 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


A  miniature  RTD  temperature  sensor  (not  shown  in 
Fig.  3)  is  attached  to  the  surface  of  the  wafer  to  permit 
remote  monitoring  of  the  surface  temperature. 

The  e-beam  position  is  determined  by  observing  the 
optical  transition  radiation  (OTR)  generated  when  the  e- 
beam  passes  through  the  silicon  wafer. 

2.4  Diagnostics 

Two  diagnostics  are  critical  for  the  experiment.  The  first 
is  a  new  spectrometer  installed  at  the  end  of  the 
beamline.  Details  of  this  new  device  can  be  found  in 
Ref.  7.  It  features  a  very  broad  energy  acceptance  range 
(±20%).  This  is  necessary  because  of  the  large 
acceleration/deceleration  (~±10  MeV)  that  can  be 
imparted  by  the  ICA  cell.  (The  first  experiments  will  be 
intentionally  performed  at  much  lower  energy  gains.) 
Since  initially  the  accelerated  microbunch  will  be 
located  anywhere  within  this  energy  range,  it  is 
important  to  observe  the  entire  energy  spectrum  at  once 
so  that  the  proper  phase  adjustment  can  be  made  to 
accelerate  the  microbunch. 

The  second  important  diagnostic  is  for  detecting  the 
presence  of  the  microbunches  generated  by  the  IFEL 
using  coherent  transition  radiation  (CTR)  [8].  This 
detector  is  located  just  before  the  ICA  cell  where 
maximum  bunching  is  needed.  By  monitoring  the  CTR 
signal,  the  laser  power  to  the  IFEL  can  be  adjusted  to 
obtain  optimum  bunching  at  the  gas  cell.  The  CTR 
diagnostic  used  in  STELLA  is  essentially  a  stationary 
position  version  of  the  one  described  in  Ref.  8.  It  also 
uses  a  thinner  6.4-pm  thick  A1  foil  as  the  CTR  target. 
This  foil  together  with  a  tighter  e-beam  focusing 
capability  should  significantly  increase  the  CTR  signal. 

3  RECENT  EXPERIMENTAL  RESULTS 

At  the  time  of  the  writing  of  this  paper,  recommissioning 
of  the  IFEL  and  CTR  diagnostic  is  in  progress  using  the 
new  spectrometer.  Table  2  lists  the  basic  parameters  for 
the  experiment  during  the  most  recent  runs. 


Table  2:  Experimental  parameters  during  recent 
recommissioning  runs. 


Parameter 

Value  during  recent 
runs 

Electron  beam  energy 

-45  MeV 

Beam  charge  at  end  of 
line 

-250  pC 

Laser  power  to  IFEL 

-200  MW 

£-beam  focus  at  CTR 

a  -  100-200  pm 

For  a  delivered  laser  power  to  the  IFEL  of  ~200  MW, 
a  normalized  e-beam  energy  modulation  of  ±0.42%  was 
measured.  This  value  is  close  to  the  ±0.55%  modulation 
needed  to  achieve  optimum  bunching  2-m  downstream 


from  the  wiggler.  (The  higher  than  expected  laser  power 
required  to  achieve  this  level  of  modulation  may  be  due 
to  system  inefficiencies,  which  should  be  reduced  as  the 
system  undergoes  further  fine  tuning  and  testing.) 

During  these  initial  CTR  tests  the  IR  detector  sensed 
wavelengths  shorter  than  5  pm.  (Recall  microbunching 
should  cause  enhanced  CTR  signals  at  the  higher 
harmonics  of  the  laser  beam.)  A  CTR  signal  was 
detected  and  correlated  with  the  presence  of  the  laser 
beam  in  the  IFEL.  This  initial  signal  was  roughly  10 
times  stronger  than  those  obtained  in  Ref.  8,  which 
affirms  the  design  improvements  made  with  this  new 
diagnostic. 

4  FUTURE  PLANS 

Recommissioning  of  the  ICA  system  will  occur  next 
where  emphasis  will  be  placed  on  generating  a  radially 
polarized  laser  beam  with  a  minimum  of  imperfections 
and  minimum  beam  divergence.  It  has  been  shown 
through  modeling  investigations  that  beam  imperfections 
and  divergence  can  degrade  the  ICA  process  [9]. 

After  this  the  IFEL  and  ICA  systems  will  be  operated 
together  and  the  first  staging  experiments  will 
commence.  Initially  only  modest  acceleration  will  be 
attempted  as  the  proper  phasing  and  overlap  conditions 
are  found.  Later,  the  laser  power  to  the  ICA  cell  will  be 
increased  to  demonstrate  higher  energy  gain. 
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Abstract 

In  the  near  future,  laser-plasma  particle  accelerators  will 
be  able  to  sustain  electric  fields  in  excess  of  100  GeV/m, 
along  plasma  channels  several  Rayleigh  lengths  long.  For 
these  extreme  conditions,  present  day  laser  wakefield  di¬ 
agnostics  such  as  Frequency  Domain  Interferometry  will 
not  be  able  to  resolve  the  wake  field  structure  and  deter¬ 
mine  the  magnitude  of  the  electric  field.  In  this  paper,  we 
present  a  detailed  comparison  between  frequency-domain 
interferometry  and  a  photon  acceleration  based  wake  field 
diagnostic.  We  determine  the  experimental  parameters  for 
which  photon  acceleration  becomes  the  only  viable  diag¬ 
nostic  technique.  Dispersion  effects  on  the  probe  beam  and 
the  implications  of  an  arbitrary  phase  velocity  of  the  plasma 
wave  are  discussed  for  both  diagnostic  techniques.  We  also 
propose  an  experimental  set-up  for  a  photon  acceleration 
diagnostic  allowing  for  the  simultaneous  measurement  of 
the  electric  field  structure  and  the  laser  wake  field  phase 
velocity.  Comparison  with  results  from  photon  acceleration 
experiments  by  ionization  fronts  will  also  be  presented. 

1  INTRODUCTION 

One  of  the  most  important  goals  in  the  plasma  particle  ac¬ 
celerators  research  field  of  is  the  development  of  experi¬ 
mental  techniques  to  characterize  the  electron  plasma  wave 
(EPW)  generated  by  intense  laser  pulses  [1,  2]. 

The  first  measurements  of  the  temporal  and  spatial  char¬ 
acteristics  of  the  plasma  waves  generated  by  an  ultra- 
short  laser  pulse  (laser  wakefield)  were  recently  reported 
[3,  4],  using  the  frequency-domain  interferometric  tech¬ 
nique  (FDI)  [5],  The  purpose  of  FDI  is  the  measurement 
of  the  phase  shift  experienced  by  a  probe  laser  pulse  travel¬ 
ling  through  an  electron  density  plasma  perturbation.  The 
experimental  principle  is  the  following:  a  double  pulse 
beam  (probe  and  reference  pulses)  is  co-propagating  with 
the  EPW  (described  by  the  electron  density  ne(z,  t)).  The 
probe  pulse  will  experience  an  optical  phase  shift  A<f>  pro¬ 
portional  to  ne(z,  t),  while  the  reference  pulse,  which  pre¬ 
cedes  the  laser  wakefield,  propagates  through  the  interac¬ 
tion  region  unperturbed.  The  relative  phase  shift  between 
these  two  probing  pulses  is  then  measured  by  the  FDI  tech¬ 
nique.  Finally,  by  sweeping  the  probe  pulse  along  one  or 
more  periods  of  the  plasma  wave  with  a  temporal  delay 
line,  it  is  possible  to  reconstruct  the  wakefield  oscillation. 
It  is  important  to  notice  that  in  experiments  [3,  4],  the  fre¬ 
quency  shift  and  the  dependence  of  the  group  velocity  of 
the  probe  pulse  on  the  local  plasma  density  vgpr.obc(Sne) 


were  not  taken  into  account. 

Other  experiments  were  performed  with  the  purpose  of 
studying  the  frequency  up-shift  resulting  from  the  interac¬ 
tion  of  short  laser  pulses  with  relativistic  ionization  fronts 
[6,  7].  An  estimate  for  the  velocity  of  the  ionization  front 
and  its  maximum  electron  density  was  obtained,  clearly 
pointing  to  the  feasibility  of  a  new  diagnostic  tool,  the  pho¬ 
ton  acceleration  diagnostic  (PAD).  The  frequency  shift  ex¬ 
perienced  by  a  probe  laser  pulse  co-propagating  with  a  rel¬ 
ativistic  EPW  is  proportional  to  the  density  gradient  of  the 
plasma  perturbation.  Like  in  the  FDI  diagnostic  technique 
we  can  easily  map  the  plasma  wave  by  injecting  the  probe 
laser  pulse  at  different  positions  of  the  plasma  oscillation. 

In  this  work,  a  detailed  comparison  of  these  two  diag¬ 
nostic  techniques  is  carried  out.  A  numerical  simulation 
based  on  the  ray  tracing  equations  for  the  probe  laser  pulse 
is  employed  to  calculate  the  frequency  shift  due  to  photon 
acceleration  and  also  allows  us  to  determine  the  phase  shift 
of  the  laser  pulse  propagating  in  the  laser  wakefield. 

2  RAY-TRACING  SIMULATIONS 

In  this  ray-tracing  simulations  the  probe  pulse  length  is  not 
considered  and  the  wave  packet  is  only  characterized  by  its 
central  frequency  and  central  wavenumber.  When  probing 
is  performed  by  a  low-intensity,  ultra-short  pulse,  with  a 
central  frequency  much  higher  than  the  electron  plasma  fre¬ 
quency  we  can  use  the  linear  dispersion  relation  in  a  plasma 
to  describe  the  probe  pulse  propagation  in  the  presence  of 
an  electron  density  perturbation.  Assuming  ID  propaga¬ 
tion  along  the  z  direction  we  can  then  obtain  the  ray-tracing 
equations: 


dz 

du 

1 

(1) 

dt 

=  dk=C 

r~ 

dk  _ 

du> 

1  dul(z,t) 

(2) 

dt 

:  ~~dl  ~ 

2lj  dz 

These  equations  allow  us  to  calculate  the  frequency  shift 
of  the  probe  laser  pulse  at  any  point  of  its  trajectory. 

A u(z,t)  =  ^Jk2{z,t)c2  +  u%(z,t)  -  u>0  (3) 

where  k(z,t )  is  the  pulse  wavenumber  and  ljp(z,  t)  is  the 
plasma  frequency  of  the  wakefield  at  a  point  (z,  t)  along 
the  laser  pulse  trajectory.  u0  is  the  pulse  frequency  before 
interacting  with  the  plasma  wave.  The  phase  shift  (j>  expe¬ 
rienced  by  the  laser  pulse  in  the  wakefield  is  determined  by 
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using  the  same  ray-tracing  trajectories  and  writing: 

k(z,t)dz  —  f  u(z,t)dt  (4) 
Jo 

where  k(z,t)  and  u(z,t)  are  the  wavenumber  and  fre¬ 
quency  along  the  ray-tracing  trajectory.  We  can  then  de¬ 
termine  the  total  phase  shift  relative  to  a  pulse  propagating 
in  an  unmodulated  plasma 


fiprobe  (2,  t )  —  / 

Jo 


A0(z ,  t')  —  (f)probe(z  >f)  0re/(2,f)  (5) 


For  the  laser  wakefield  scaling,  we  used  the  expressions 
for  the  laser  wakefield  excitation  in  the  linear  nonrelativis- 
tic  two-dimensional  (2D)  limit  resonant  regime  [8,  9,  10]. 
For  simplicity,  we  have  decided  to  analyze,  in  all  the  simu¬ 
lations,  only  the  trajectories  along  the  laser  wakefield  axis 
(ID  simulations). 

Generally,  the  solution  of  the  ray-tracing  equations  can 
only  be  obtained  numerically;  however,  fully  analytical  re¬ 
sults  can  be  achieved  for  some  electron  density  perturba¬ 
tion.  For  instance,  we  can  easily  calculate  the  frequency 
shift  which  occurs  when  a  wave  packet  (classical  analog  of 
a  photon)  crosses  over  an  ionization  front  without  reflection 
[11] 


A  u  = 


2u>o  1  ±  (3 


(6) 


where  the  initial  frequency  of  the  photon  is  much  higher 
than  the  maximum  frequency  of  the  plasma  behind  the  ion¬ 
ization  front,  i.e.,  w0  3>  wp0.  The  sign  +  (— )  refers  to 
counter-propagation  (co-propagation)  where  vv  =  /3c  is  the 
velocity  of  the  ionization  front.  It  is  very  important  to  men¬ 
tion  that  in  this  new  description  of  the  frequency-shift  diag¬ 
nostic  technique,  the  assumption  vgp„ohe  =  vp  is  no  longer 
necessary  and  the  limitation  to  small  frequency  shifts  does 
not  exist. 


2. 1  Propagation  velocity  effects 

It  is  currently  assumed  in  the  FDI  diagnostic  [3,  4]  that  the 
probe  laser  pulse  always  stays  in  phase  with  the  plasma 
wave,  i.e.  v9pr.obc  —  vp.  This  is  not  valid  for  two  reasons: 
i)  the  probe  group  velocity  depends  on  the  local  electron 
plasma  density  v9probc  ( z,t )  =  c^J  1  -  uj(z,t)/uj  at  each 
point  of  the  pulse  trajectory  (see  eqs.(l)  and  (2));  ii)  the 
phase  velocity  of  the  wakefield  vp,  which  is  nearly  equal  to 
the  group  velocity  of  the  pump  laser  pulse,  can  be  consid¬ 
erably  different  from  the  velocity  given  by  the  linear  dis¬ 
persion  relation  in  a  plasma  (v9pump  f  c^J  1  -  due 

to  nonlinear  [12]  and  3D  effects[13]. 

In  our  simulations  these  two  aspects  of  the  velocity 
effects  were  analyzed  for  both  FDI  and  PAD  diagnostic 
techniques[10].  For  FDI  the  wakefield  oscillation  recon¬ 
structed  from  the  measured  phase  shifts  is  significantly 
modified  in  amplitude,  if  the  dispersion  effects  in  the  probe 
beam  are  included.  On  the  contrary,  for  the  PAD  tech¬ 
nique,  the  results  are  not  affected  by  these  dispersion  ef¬ 
fects,  which  in  fact  are  fundamental  processes  in  the  PAD. 


When  we  assume  that  the  phase  velocity  vp  of  the  wake¬ 
field  is  no  longer  equal  to  the  group  velocity  of  the  pump, 
given  by  the  linear  dispersion  relation  in  a  plasma,  both 
amplitude  and  wavelength  of  the  phase  shift  oscillation,  as 
well  as  the  frequency  shift  oscilation,  were  modified  [10]. 
To  overcome  this  problem  we  need  an  independent  mea¬ 
sure  of  the  phase  velocity  of  the  plasma  wakefield,  which 
can  be  obtained  by  comparing  the  frequency  shift  in  co- 
and  counter-propagation,  as  demonstrated  in  recent  photon 
acceleration  experiments  [7]. 

In  these  simulations  we  have  considered  typical  parame¬ 
ters  for  the  pump  laser  pulse  used  in  recent  laser  wakefield 
experiments  [3, 4]. 

2.2  Large  frequency  shifts  effects 

In  the  near  future  it  will  be  possible  to  excite  larger  EPW 
with  the  help  of  more  powerful  lasers,  and  extend  the  fo¬ 
cal  region  to  longer  distances  [14].  This  will  lead  to  much 
larger  frequency  shifts  of  the  probe  laser  pulse.  In  order  to 
examine  the  importance  of  a  large  frequency  shift  in  FDI 
we  have  changed  the  pump  laser  pulse  parameters:  we  have 
increased  the  pulse  energy  to  Eo  =  100 mJ  and  decreased 
the  pulse  duration  to  rpump  =  30/s.  The  new  plasma 
wakefield  perturbation  obtained  from  the  scaling  laws  in 
the  2D  resonant  regime  is  5ne  «  1.93  x  1018cm~3  in  the 
laser  focus. 

From  Fig.  1(b)  we  can  see  that  the  frequency  shift  expe¬ 
rienced  by  the  probe  pulse  is  A  A  =  |A0  -  A|  «  200nm 
which  is  of  the  same  order  of  its  initial  frequency,  Ao  = 
800 nm.  But  in  the  present  situation  the  maximum  fre¬ 
quency  up-shift  (AA+  ~  113nm)  is  much  smaller  than  the 
maximum  frequency  downshift  (AA_  ~  196nm).  This 
nonlinear  effect  arises  from  the  fact  that  the  frequency  shift 
at  each  point  of  the  ray-tracing  trajectory  of  the  probe  pulse 
is  inversely  proportional  to  its  frequency  (see  eq.(2)). 

In  Fig.  1(a)  we  can  notice  that  not  only  the  phase  shift 
oscillations  become  several  times  larger  than  7r,  but  a  sim¬ 
ilar  nonlinear  behavior  is  also  present.  This  is  due  to  the 
fact  that  the  final  frequency  of  the  probe  pulse  is  very  dif¬ 
ferent  from  the  reference  pulse  frequency  (which  is  con¬ 
stant).  Thus  the  phase  difference  will  depend  not  only 
on  the  plasma  length  but  also  on  the  dispersive  optics  in¬ 
stalled  in  their  optical  path  before  reaching  the  detector  de¬ 
vice.  This  fact,  added  to  the  complexity  of  measuring  phase 
shifts  much  larger  than  7r  and  the  difficulty  of  using  the  FDI 
of  two  laser  beams  with  very  different  frequencies,  will  be 
the  major  drawback  of  this  laser  wakefield  diagnostic  tech¬ 
nique.  On  the  other  hand,  the  large  frequency  shifts  play  in 
favor  of  the  PAD  technique  due  to  the  fact  that  the  extra¬ 
neous  data  contributions,  such  as  stray  light,  pump  leakage 
and  detector  defects  are  no  longer  a  technical  problem. 

3  DISCUSSION 

We  will  now  discuss  the  limits  of  application  for  each  of  the 
two  diagnostic  techniques.  In  order  to  illustrate  these  limits 
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Figure  1 :  Wakefield  oscillation  map  giving  (a)  the  phase 
shift  and  (b)  the  frequency  shift  for  the  laser  pulse  parame¬ 
ters:  E0  =  100m  J,  Tpump  =  30/s.  The  calculated  phase 
shifts  in  (a)  are  obtained  by  neglecting  the  frequency  shift 
of  the  probe  pulse  (dashed  curve)  or  by  retaining  it  (solid 
curve). 


we  have  built  up  a  map  representing  the  pump  laser  param¬ 
eters,  energy  Ep  versus  pulse  length  tv  (see  Fig.2).  For 
each  set  of  parameters,  the  corresponding  laser  wakefield 
scaling  is  obtained  for  the  optimized  situation  5ne/neo  «  1 
for  the  resonant  density  in  the  2D  limit.  The  criteria  used 
to  define  the  limiting  curves  are  as  follows.  The  solid  curve 
is  given  by  the  condition  of  frequency  shift  A  upshift  mea¬ 
sured  by  the  PAD  technique  equal  to  the  spectral  width  of 
the  probe  pulse  Au>Pfwhm  The  FDI  technique  is  limited 
by  the  measured  phase  shift  A tf>,  which  must  be  lower  than 
27t.  The  dotted  curve  considers  the  phase  shift  as  given  by 
the  refraction  index  A</>*,  and  the  dashed  curve  retains  the 
contribution  of  the  frequency  variation  A (j>k,u,  eqns.  (4)- 

(5).  In  this  map,  we  also  represent  two  lines  defining  the 
100 GeV/m  goal  for  accelerating  gradients,  already  mea¬ 
sured  by  indirect  techniques  in  recent  experiments  [15]. 
The  lines  correspond  to  the  2D  and  ID  limits  of  the  res¬ 
onant  density.  A  close  analysis  of  this  map  clearly  shows 
that  photon  acceleration  is  the  most  appropriate  diagnostic 
technique  for  the  future  laser  wakefield  accelerators. 


tplfe] 


Figure  2:  Map  of  the  pump  laser  pulse  parameters. 
Solid  curve  defines  the  limit  of  applicability  of  the  PAD 
(Aw shift  =  AujPfwhm).  Dashed  and  dotted  curves  define 
the  limits  of  applicability  of  the  FDI.  The  vertical  lines  in¬ 
dicate  the  100 GeV/m  goal  for  the  2D  and  ID  scaling  laws. 

Recent  experimental  results  [7]  have  shown  a  very  good 
agreement  with  this  ray-tracing  formalism.  The  results  of 
the  frequency  up-shift  in  the  co-  and  counter-propagation 
setups  of  this  experiment  allow  us  to  determine  the  elec¬ 
tron  plasma  density  and  the  ionization  front  velocity,  by 
using  the  2D  version  of  eq.(6)  [7],  This  clearly  points  to 
the  feasibility  of  PAD  for  relativistic  coherent  structures  in 
laser  produced  plasmas  like  that  presented  in  [7],  For  all 
the  reasons  discussed  above  PAD  is  the  most  promising  di¬ 
agnostic  for  large  amplitude  plasma  waves  in  future  laser 
wakefield  accelerator  experiments. 
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COMPENSATION  OF  BEAM-BEAM  EFFECTS  IN  THE  TEVATRON 
COLLIDER  WITH  ELECTRON  BEAMS 

V.  Shiltsev,  D.  Finley,  A.  Sery,  FNAL  ,  Batavia,  IL 
V.  Danilov,  ORNL,  Oak  Ridge,  TN 

Abstract 

The  beam-beam  interaction  in  the  Tevatron  collider  sets 
limits  on  bunch  intensity  and  luminosity.  These  limits  are 
caused  by  a  tune  spread  in  each  bunch  which  is  mostly  due 
to  head-on  collisions,  but  there  is  also  a  bunch-to-bunch 
tune  spread  due  to  parasitic  collisions  in  multibunch  oper¬ 
ation.  We  propose  to  compensate  these  effects  with  use  of 
a  countertraveling  electron  beam,  and  present  general  con¬ 
siderations  and  physics  limitations  of  this  technique. 


1  INTRODUCTION 

The  two  planned  upgrades  (Run  II  and  TEV33)  of  the  pp 
Tevatron  collider  [1]  will  give  higher  luminosity  and  will 
also  have  enhanced  beam-beam  effects.  An  increase  of  the 
betatron  tune  spread  will  come  not  only  from  head-on  col¬ 
lisions  of  the  bunches  at  the  Interaction  Points  (IP),  but  also 
from  parasitic  long  range  beam-beam  interactions  resulting 
in  bunch-to-bunch  variation  of  betatron  tunes,  the  latter  be¬ 
ing  enhanced  by  the  presence  of  injection  gaps  in  the  Teva¬ 
tron  bunch  train  (Pacman  effect). 

During  Run  II  with  36  bunches  in  each  beam  the  bunch- 
to-bunch  spread  is  expected  to  be  about  A v  «  0.007, 
while  the  single  bunch  tune  spread  will  be  about  At/  « 
0.018.  In  the  TEV33  upgrade  the  tune  spread  within  each 
bunch  and  the  bunch-to-bunch  tune  spread  are  both  about 
0.008.  These  values  are  about  the  maximum  experimen¬ 
tally  achieved  value  for  proton  colliders  At/  ~  0.025. 

The  betatron  tune  shift  and  tune  spread,  if  they  could  be 
arbitrary  controlled,  are  believed  to  provide  valuable  knobs 
for  improving  beam  lifetime  and  ultimately  for  maximiz¬ 
ing  collider  performance.  Compensation  of  the  beam-beam 
effects  only  for  antiprotons  is  sufficient  since  the  proton 
bunch  population  is  significantly  higher  than  the  antiproton 
bunch  population. 

The  beam-beam  compensation  techniques  based  on  the 
use  of  intense  electron  beams  have  been  proposed  [2, 3]  and 
are  under  development  now  [4,  5,  6,  7].  The  present  paper 
reviews  the  current  status  of  these  investigations. 

2  LINEAR  “ELECTRON  LENS” 

The  tunes  of  individual  bunches  in  the  p  beam  can  be  cor¬ 
rected  if  an  additional  linear  focusing  is  applied  to  each 
bunch  individually.  This  focusing  can  be  provided  by  the 
field  of  a  wide  electron  beam  (“electron  lens”,  see  Figure 
1)  with  the  current  varying  from  bunch  to  bunch  [3],  The 
electron  beam  must  allow  a  100%  change  of  current  in  the 
132  ns  time  between  bunches  in  order  to  provide  indepen¬ 
dent  influence  on  different  bunches. 


For  a  round,  constant  density  electron  beam  with  to¬ 
tal  current  Je,  radius  a,  interacting  with  antiprotons  over 
length  L,  the  tune  shifts  are 

pe  =  P±  (1  +Pe)Lrp  Je 
x  27T  7p  e  pe  c  a2 

For  example  a  beam  with  Je  «  1.65  A,  L  =  2  m ,  a  = 
1  mm,  energy  10  kV  (/ 3e  =  0.2)  gives  «  -0.01  in  the 
Tevatron  with  7p  «  1066  and  beta  function  /?x  =  100  m. 
The  electron  lens  should  be  installed  in  a  place  where  a)  the 
electron  beam  does  not  interact  with  the  proton  beam;  b) 
the  beta-functions  (3±  are  high  enough  so  the  electron  cur¬ 
rent  density  je  =  Je/(ira2)  is  reasonable;  and  c)  the  disper¬ 
sion  function  is  small  enough.  Two  electron  lenses  installed 
in  locations  with  different  Px//3y  are  needed  to  compensate 
the  x  and  y  bunch-to-bunch  tune  spreads  independently  (see 
Figure  2).  An  example  of  linear  compensation  is  shown  in 
Figure  3. 

The  required  tune  shift  defines  the  electron  beam  den¬ 
sity  while  the  length  L  is  defined  by  the  space  available  in 
the  Tevatron.  The  electron  beam  radius  a  is  approximately 

(\~  100m 


e-lens  1 


100m 


Figure  2:  Tevatron  layout  with  two  “electron  lenses”. 
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TuneX 

Figure  3:  Initial  (widely  spread  points)  and  resulting  p 
bunch  tune  shifts  (core  particles  only)  with  10%  error  in  the 
compensation. 

2-3  times  the  p  beam  size.  For  the  electron  beam  energy 
the  lowest  possible  value  should  be  chosen  provided  that  a) 
the  current  production  is  not  limited  by  a  gun;  and  b)  the 
electron  beam  can  renew  faster  than  the  p-bunch  spacing 
(132  ns). 

The  gun  current  is  Je  —  V  ■  U^2  where  Ua  is  the  an¬ 
ode  voltage  and  V  is  the  perveance  that  is  typically  »  2  • 
10-6  A/V3/2  for  a  diode  gun.  However,  it  can  be  made  sev¬ 
eral  times  higher  for  a  specially  designed  gun,  such  as  a  con¬ 
vex  cathode  immersed  in  a  magnetic  field  [9].  Relying  on 
a  gun  with  perveance  (4  -  5)  •  10~6  A/V3/2,  the  following 
optimized  parameters  of  the  electron  beam  can  be  deduced: 
the  energy  10  kV  (/3e  =  0.2),  Je  »  1.65  A,  L  =  2  m,  ra¬ 
dius  a  =  1  mm.  Such  a  beam  will  achieve  a  maximum  tune 
shift  of  »  -0.01  in  the  Tevatron. 

To  decrease  the  current  density  in  the  gun  to  what  is 
achievable  for  an  oxide  cathode,  one  needs  to  use  adiabatic 
magnetic  compression,  in  which  the  beam  is  produced  on 
the  cathode  with  a  larger  radius  ac  in  a  weak  field  Bc  and 
then  follows  the  magnetic  lines  to  the  region  of  stronger 
field  B.  For  an  electron  lens  with  cathode  current  density 
2  A/cm2  and  cathode  radius  ac  =  5  mm,  one  gets  the  ratio 
B/Bc  —  a2/a2  to  be  about  25. 

An  experimental  installation  has  demonstrated  feasibil¬ 
ity  of  the  electron  lens.  The  set-up  will  serve  as  a  proto¬ 
type  of  the  device  that  can  later  be  inserted  into  the  Teva¬ 
tron  ring.  The  test  facility  and  results  of  its  commissioning 
are  described  in  detail  in  [8], 

3  NONLINEAR  COMPENSATION: 
“ELECTRON  COMPRESSOR” 

The  head-on  collision  of  proton  and  antiproton  bunches  at 
the  interaction  point  changes  the  betatron  frequency  of  the 
on  axis  p  by  Ai/z(0, 0)  =  +£p  where  £p  =  Nprp/4iven 
is  the  so  called  beam-beam  parameter.  Np  is  the  pro¬ 
ton  bunch  population,  rp  is  the  proton  classical  radius  and 
en  is  the  normalized  transverse  emittance  of  the  proton 


bunch.  Assuming  the  charge  density  p  of  the  proton  bunch 
is  Gaussian-like,  the  focusing  force  of  the  equivalent  lens  is 
a  nonlinear  function  of  the  transverse  displacement. 

Due  to  the  nonlinear  focusing  by  the  p  beam  the  beta¬ 
tron  frequencies  in  the  p  bunch  are  different  for  particles 
with  different  betatron  amplitudes  (X,  Y)  as  shown  in  Fig¬ 
ure  4.  For  the  Runll  and  TEV33  upgrades  of  the  Tevatron 
the  spread  of  betatron  frequencies  (so  called  “footprint”)  of 
the  p  beam  is  Avp  «  0.02.  This  is  big  enough  to  cause  an 
increase  of  particle  losses  due  to  higher  order  lattice  reso¬ 
nances. 

Compensation  of  this  beam-beam  induced  betatron  tune 
spread  within  the  p  bunch  can  be  accomplished  by  an  elec¬ 
tron  beam  with  an  appropriate  charge  distribution  [2].  The 
nonlinear  focusing  of  antiprotons  by  the  proton  beam  is 
compensated  if  a)  the  electron  transverse  charge  distribu¬ 
tion  pe(r)  is  the  same  as  the  proton  beam  pp(r)  (but  scaled 
with  r);  b)  the  p  beam  distribution  at  the  “electron  compres¬ 
sor”  is  the  same  as  at  the  IP  (but  scaled  with  r  and  with  zero 
dispersion);  and  c)  the  number  of  electrons  on  the  path  of 
the  p  beam  (for  a  single  IP)  is  Ne  =  Np/(l  +  f3e).  For  ex¬ 
ample  Ne  «  4.5  •  1011  (or  Je  =  2.2A)  with  f3e  =  0.2  and 
L  =  2mforTEV33. 

The  electron  bunch  should  have  a  Gaussian  transverse 
distribution  in  the  ideal  case,  in  which  the  proton  bunch  has 
a  Gaussian  distribution.  However,  more  realistic  and  practi¬ 
cally  more  easily  achievable  distributions  can  give  as  good 
a  result  as  the  Gaussian  case  [2].  For  example  the  electron 
beam  density  oc  1/(1  +  (r/a)8)  was  used  for  the  footprint 
compression  simulations  presented  in  Figure  4. 

The  condition  to  cancel  just  the  nonlinear  tune  shift  is  not 
the  only  condition  to  satisfy  for  the  antiproton  dynamics  to 
be  improved.  An  important  issue  to  be  considered  is  a  dif¬ 
ference  of  the  proton  bunch  length  and  the  electron  beam 
length  expressed  in  terms  of  betatron  phase  advance.  Pur¬ 
suing  nonlinear  compensation  is  based  on  the  idea  of  adding 
a  single  thin  nonlinear  lens  to  an  arbitrary  nonlinear  lattice 
in  such  a  way  that  the  particle  motion  in  the  modified  struc¬ 
ture  would  become  resonance-free,  though  nonlinear,  and 
at  the  same  time  the  beam  of  particles  would  have  a  zero 
footprint  [7]. 

Although  theoretical  studies  of  both  nonlinear  and  linear 
compensation  are  under  way,  the  first  stage  of  experimen¬ 
tal  activities  at  Fermilab  is  devoted  to  linear  compensation 
studies. 

4  PARASITIC  EFFECTS 

Detailed  studies  of  possible  harmful  effects  produced  by  the 
electron  lens  have  shown  that  all  such  effects  can  be  made 
tolerable  by  a  proper  choice  of  the  electron  beam  parame¬ 
ters.  The  most  important  issues  are  briefly  described  below. 

Head  tail  in  the  p  beam  due  to  the  electron  beam  [5]. 

An  off  center  collision  of  the  p  bunch  with  the  electron 
beam  results  in  a  drift  of  the  electrons  in  crossed  magnetic 
and  electrical  fields,  such  that,  while  the  head  of  the  p  bunch 
sees  a  vertical  field,  the  tail  will  also  see  a  horizontal  one. 
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Figure  4:  Betatron  frequencies  (tunes)  in  the  p  bunch  for 
particles  with  different  betatron  amplitudes  (X,Y).  The 
head-on  collision  case  (large  leaf)  and  the  case  with  com¬ 
pensation  by  the  electron  beam  (small  leaf,  displaced  for 
clarity)  [2]  are  shown.  Tune  shift  is  in  units  of  £p,  betatron 
amplitude  is  in  units  of  the  bunch  transverse  size  a. 

Taking  into  account  that  the  head  and  the  tail  exchange  their 
position  due  to  synchrotron  motion,  one  can  see  that  as  a  re¬ 
sult  of  such  a  skew  interaction  the  horizontal  betatron  mo¬ 
tion,  the  vertical  betatron  motion  and  the  synchrotron  mo¬ 
tion  become  coupled  resulting  in  the  so  called  Transverse 
Mode  Coupling  Instability  (TMCI). 

The  threshold  of  this  TMCI  was  found  to  be  inversely 
proportional  to  the  magnetic  field  B  in  the  “electron  lens”. 
Under  the  design  parameters  the  minimum  magnetic 
field  that  will  keep  the  p  beam  stable  is  B  >  17.5  kG. 
The  instability  is  additionally  suppressed  if  the  electron 
beam  radius  is  larger  than  the  p  beam  size.  The  threshold 
magnetic  field  scales  approximately  as  oc  /a2. 

Electron  beam  distortion  by  elliptical  p  beam  [4].  If 

the  set-up  is  located  at  a  place  with  unequal  beta-functions 
f3x  ^  py,  then  axial  symmetry  is  not  conserved.  The  elec¬ 
tron  beam  becomes  a  rotated  ellipse  at  the  moment  the  tail 
of  the  antiproton  bunch  passes  through  it,  while  the  head 
of  the  bunch  sees  the  original  undisturbed  round  electron 
beam.  The  electric  fields  of  the  distorted  electron  beam  pro¬ 
duce  x  —  y  coupling  of  vertical  and  horizontal  betatron  os¬ 
cillations  in  the  p  beam. 

The  choice  of  magnetic  field  can  decrease  the  coupling 
to  an  acceptable  value.  If  B  =  2T,  the  maximum  coupling 
spread  is  well  below  the  typical  residual  coupling  in  the 
Tevatron  (about  0.001).  This  effect  is  also  additionally 
suppressed  if  the  electron  beam  size  is  larger  than  the 
antiproton  beam  size. 

p  emittance  growth  due  to  variations  of  the  electron 
beam  [3].  Fluctuations  of  the  electron  current  A  Je/Je 
from  turn  to  turn  cause  time  variable  quadrupole  kicks 
which  lead  to  a  transverse  emittance  growth  of  the  antipro¬ 
ton  bunches.  The  emittance  growth  time  r  (defined  as 


1/r  =  1/e-de/dt)  is  more  than  10  hours  (which  is  assumed 
to  be  tolerable)  if  the  peak-to-peak  current  fluctuations  are 
smaller  than  AJe/Je  «  1.8  •  10~3. 

Transverse  motion  of  the  electron  beam  results  in  dipole 
kicks  and  coherent  betatron  oscillations  of  the  antiprotons. 
After  some  decoherence  time  they  will  result  in  emittance 
growth  of  the  antiprotons.  The  emittance  growth  time  is 
more  than  10  hours  if  5X  <  0.14  pm. 

Deviations  of  the  solenoidal  magnetic  field  B  from  a 
straight  line  will  cause  off-center  collisions  of  the  antipro¬ 
ton  and  electron  beams.  In  the  case  of  the  non-linear  elec¬ 
tron  lens  this  may  cause  unwanted  non-linear  components 
of  the  space  charge  forces.  The  effect  is  small  if  AB± /B  & 
10~4. 

All  these  conditions  are  believed  to  be  achievable. 

Residual  ions  in  the  electron  beam.  Ionization  of 
residual  gas  by  electrons  produces  ions  which  could  be¬ 
come  trapped  in  the  potential  well  of  the  electron  beam.  For 
typical  parameters  the  “time  of  neutralization”  is  a  fraction 
of  a  second.  Nevertheless  the  ions  should  be  removed  be¬ 
cause  they  a)  change  the  charge  density,  i.e.  spoil  beam- 
beam  compensation;  and  b)  may  result  in  a  two  beam  drift 
instability. 

The  residual  ions  will  be  cleaned  from  the  electron  beam. 
Special  cleaning  electrodes  together  with  a  high  vacuum  (of 
the  order  of  3  •  10” 9  Torr),  will  ensure  that  the  neutraliza¬ 
tion  time  is  sufficiently  longer  than  the  lifetime  of  ions  in 
the  electron  beam.  An  acceptable  amount  of  residual  ions 
in  the  electron  beam  is  about  half  a  percent. 

5  CONCLUSION 

Beam-beam  compensation  with  an  electron  beam  looks 
very  promising.  It  provides  additional  powerful  “knobs”  to 
control  beam  dynamics  in  the  Tevatron  collider.  No  severe 
requirements  on  the  electron  beam  were  found  for  the  sug¬ 
gested  device.  We  believe  that  realization  of  the  idea  will 
give  benefits  for  the  Tevatron.  Experimental  studies  of  the 
electron  lens  prototype  are  under  way. 
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Abstract 


This  paper  presents  a  novel  idea  of  storage  ring  for  the 
accumulation  of  intense  beams  of  light  and  heavy  ions  at 
low  energy.  The  new  concept  is  a  natural  development  of 
the  combined  features  of  conventional  storage  rings  and 
ion  traps,  and  is  basically  a  linear  RFQ  bent  on  itself.  The 
advantages  are:  smaller  beam  dimensions,  higher  beam 
intensity,  and  a  more  compact  storage  device. 

1  INTRODUCTION 

There  is  need  to  develop  compact  storage  rings  for  the 
accumulation  of  low-energy  beams  of  ions  for  a  variety  of 
applications:  molecular  and  atomic  physics,  solid  state, 
chemical-physics,  astrophysics,  and  other  more  exotic 
applications  like  crystalline  beams  and  ion  fusion  for 
energy  production.  Several  experiments  can  be  conceived 
which  make  use  of  these  compact  storage  rings:  colliding 
beams  circulating  in  two  intersecting  storage  rings, 
collision  of  a  stored  beam  of  ions  with  an  internal  target, 
head-on  collision  with  an  electron  beam  or  a  X-ray  beam 
from  a  synchrotron  radiation  source.  Relatively  high  beam 
intensity  is  required.  Small  beam  dimensions  can  be 
achieved  with  techniques  like  electron  and  laser  cooling. 
In  this  paper  we  describe  a  novel  idea  of  a  compact 
storage  ring  for  the  accumulation  of  intense  beams  of  light 
and  heavy  ions.  The  concept  takes  advantages  of 
established  principles  of  conventional  low-energy  storage 
rings,  ion  traps,  and  RFQ’s.  The  proposed  new  storage 
ring  is  basically  a  circular  RFQ  bent  on  itself  and  closed 
mechanically.  Instead  of  quadrupole  magnets,  focusing  of 
the  particles  is  provided  by  the  rf  field  of  the  structure. 
Since  electrically  the  structure  is  not  closed  on  itself,  it  is 
expected  that  ion  beams  can  be  stored  at  intensities  higher 
than  those  achieved  in  conventional  storage  rings. 

2  A  CONVENTIONAL  STORAGE  RING 

An  example  of  a  low-energy  and  small  storage  ring  is 
ASTRID  [1],  used  for  the  accumulation  of  light  and  heavy 
ions  and  for  the  demonstration  of  Laser  Cooling.  The  ring 
magnetic  rigidity  is  1.87  T-m.  The  circumference  is  about 
40  m.  It  is  made  of  eight  dipole  magnets  which  bend  the 
beam  trajectory  on  a  circular  and  closed  orbit  and  sixteen 
quadrupole  magnets  for  transverse  focusing.  There  are 
four  periods,  each  with  a  straight  section  about  4  meter 
long.  There  is  a  limit  on  the  intensity  that  can  be  stored  in 
a  conventional  storage  ring  given  by  the  space-charge 
tune-depression 

Av  =  N  Q2  r0  /  2  A  p2  y3  e  (1) 


where  r0  =  1.535  x  10"18  m  is  the  classical  proton  radius,  Q 
the  ion  charge  state,  A  its  mass  number,  P  and  y 
respectively  the  velocity  and  energy  relativistic  factors,  N 
the  number  of  ions  stored,  and,  finally,  e  is  the  beam 
emittance.  The  tune-depression  Av  cannot  exceed  a  value 
of  at  most  0.5.  This  limit  is  understood  to  be  set  by  the 
presence  of  unavoidable  random  magnet  imperfections 
which  cause  the  creation  of  stopbands  around  the  half¬ 
integral  values  of  the  betatron  tune.  A  more  relevant 
parameter  is  the  beam  transverse  density  in  the  physical 
space  D  =  N  /  S,  where  S  =  7t  a2  is  the  beam  cross-section 
area.  There  is  a  relation  between  the  beam  radius  a  and  the 
emittance  e,  so  that 

S  =  PLe  (2) 

The  average  value  of  the  amplitude  lattice  function  pL  for 
ASTRID  is  about  5  meter.  In  a  conventional  storage  ring, 
the  amplitude  lattice  function  pL  is  a  measure  of  the 
strength  of  focusing.  The  average  value  of  PL  is  given 
roughly  by  the  length  of  the  focusing  period. 
Unfortunately,  in  a  conventional  storage  ring,  the  average 
value  of  PL  can  hardly  be  less  than  few  meters;  in  fact, 
quadrupoles  have  a  significant  length,  and  space  between 
quadrupoles  is  required  to  accommodate  several  devices. 
In  conclusion,  the  physical  density  that  can  be  achieved  in 
a  conventional  low-energy  storage  ring  is  limited,  first,  by 
the  largest  amount  of  space-charge  tune-depression 
according  to  Eq.  1,  and,  second,  by  the  strength  of 
focusing  according  to  Eq.  2. 

3  THE  LINEAR  RFQ 

Another  accelerator  device  [2]  is  the  Radio-Frequency 
Quadrupole  (RFQ).  The  device  accelerates  quickly  the 
beam  from  an  ion  source  to  energies  large  enough  when 
space-charge  effects  are  considerably  reduced,  and 
provides  simultaneously  focusing  of  the  transverse  motion 
of  the  particles.  The  RFQ  is  not  a  magnetic  device,  but 
employs  an  alternating  rf  electric  field  for  both  the 
acceleration  and  the  focusing  of  the  particles.  It  is  a 
straight  waveguide  with  four  internal  metallic  rods.  A  rf 
voltage  at  the  frequency  f  =  a>/2rc  is  applied  between 
diagonally  opposite  electrodes  to  generate  in  the  opening 
a  quadrupolar  oscillating  field  of  the  same  frequency.  The 
motion  of  the  particle  will  modulate  the  actual  field  in 
time,  creating  the  equivalent  of  an  alternating  focusing 
transverse  field  with  periodicity  L  =  |3X,  where  X  =  2tcc/co 
is  the  rf  wavelength.  If  acceleration  is  not  required,  but 
only  transverse  focusing,  which  is  the  case  of  interest 
here,  the  electrodes  will  appear  just  straight.  In  this  case 
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the  excitation  is  a  rf  wave  oscillating  stationary  between 
the  pairs  of  electrodes. 

4  THE  ION  TRAP 

Recently,  a  quadrupole  storage  ring  [3]  has  been  used  for 
the  study  of  ion  crystalline  structures.  The  diameter  of  the 
device  is  of  only  12  cm.  It  is  made  of  four  annular 
electrodes  with  an  internal  diameter  of  only  5  mm.  An 
electrostatic  voltage  is  applied  between  each  pair  of 
diagonally  opposing  electrodes.  This  generates  a  constant 
radial  electric  field,  which  vanishes  at  the  center,  and 
increases  about  linearly  with  the  distance  from  the  main 
axis.  An  atomic  gas  of  the  desired  ion  species  is  diffused 
in  the  region  between  the  electrodes.  An  electron  gun 
ionizes  the  atoms,  and  the  resulting  ions  are  trapped 
transversely  in  the  small  storage  ring,  oscillating  around 
the  circular  main  axis  under  the  effect  of  the  restoring 
forces  of  the  electrostatic  quadrupole.  There  is  no  beam  in 
this  configuration  since  the  ions  do  not  drift  azimuthally 
along  the  main  axis.  The  particles  adjust  their  mutual 
longitudinal  distance  by  Coulomb  interaction,  whereas  the 
external  quadrupolar  forces  compensate  the  transverse 
interaction. 

5  THE  CRFQ  CONCEPT 

The  Circular  Radio-Frequency  Quadrupole  (CRFQ)  is  a 
compact  storage  ring,  which  includes  features  of  all  the 
devices  described  above.  It  is  a  storage  ring  where  beams 
of  light  and  heavy  ions  (including  protons  and  negative 
ions)  can  circulate  at  constant  speed  corresponding  to 
energies  comparable  to  those  used  for  ASTRID.  Like  in 
the  Ion  Trap,  four  annular  electrodes  provide  focussing. 
Like  in  the  linear  RFQ,  rf  oscillating  voltages  are  applied 
between  the  electrodes  to  provide  transverse  alternating 
focusing  of  motion  over  a  short  period  of  about  few 
centimeters  or  less.  From  this  point  of  view,  the  CRFQ 
resembles  the  linear  RFQ  without  acceleration,  and 
without,  therefore,  corrugated  vanes.  The  CRFQ  is 
actually  a  linear  RFQ  curved  and  closed  mechanically  on 
it  as  shown  in  Figs.  1  and  2. 

6  EQUATIONS  OF  MOTION 

It  is  required  to  keep  the  motion  of  the  ions  focused  and 
on  a  circular  orbit,  in  proximity  of  the  azimuthal  axis  of 
the  CRFQ.  We  shall  assume  that  the  major  radius  R  of  the 
CRFQ  is  much  larger  than  the  focusing  period  L,  and  that 
this  is  in  turn  larger  than  the  internal  diameter  2b.  The 
equations  of  motion  are  (see  Fig.  1  for  the  orientation  of 
x,y) 

d2  y  /  ds2  +  (B/L2)  x  cos  (ks)  =  0  (3) 

d2  x  /  ds2  +  (B/L2)  y  cos  (ks)  = 

[1  -  B  (b/L)2  cos  (ks)]  /  R  (4) 


where  s  is  the  longitudinal  path  length,  and 

B  =  Q  e  V0  X2  /  A  m  c2  b2  (5) 

It  can  be  seen  that  the  motion  is  kept  on  a  circular 
trajectory  by  the  extra  term  due  to  the  curvature  of  the 
restoring  forces.  All  the  considerations  made  for  the  linear 
RFQ  apply  also  to  the  CRFQ.  For  instance,  the  B 
parameter  determines  the  phase  advance  per  period  and 
the  amplitude  lattice  function  pL  ~  L.  As  an  example,  the 
phase  advance  of  90°  requires  B  =  6.812.  Thus,  the 
Circular  Radio-Frequency  Quadrupole  Storage  Ring  has 
the  advantage  to  provide  a  very  short  focusing  alternating 
period  considerably  smaller  than  that  can  be  obtained  in  a 
conventional  storage  ring. 


y 


I 

Figure  1 .  Cross-Section  of  a  CRFQ 

7  SPACE-CHARGE  LIMIT 

The  other  major  advantage  for  the  use  of  the  CRFQ 
storage  ring  is  the  larger  beam  intensity  that  can  be  stored 
compared  to  that  of  a  conventional  storage  ring  of  the 
same  energy.  In  the  latter  there  is  the  limit  caused  by  the 
Space-Charge  Tune-Depression  Av  that  cannot  exceed  a 
value  of  at  most  0.5.  In  the  CRFQ  the  situation  is  different 
and  identical  to  that  encountered  in  the  linear  RFQ.  First, 
the  focusing  periodicity  is  very  high  and  cannot  be  broken 
down  by  magnetic  imperfections  that  do  not  exist. 
Secondly,  the  structure,  though  mechanically  closed  on  it, 
is  electrically  open.  Turn  after  turn,  the  CRFQ  is  just  like 
a  long  transport.  One  can  then  make  the  analogy  with  the 
linear  RFQ  where  the  Space-Charge  limit  is  caused  by 
lowering  of  the  phase  advance  per  period  from  90°  down 
to  45°  (or  less),  below  which  the  particle  motion  may 
become  unstable.  The  equations  of  motion  are  then  to  be 
modified  by  adding  a  space-charge  term  with  the 
parameter 

A  =  Q2  N  r0  X2  /  A  rc2  R  (6) 

The  depression  of  the  phase  advance  of  a  single  period 
due  to  space  charge  forces  from  90°  down  to  45° 
corresponds  to  A  ~  0.044. 


3732 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Figure  2.  Plan  View  of  a  CRFQ 

8  RF  POWER  SOURCE 

Powering  of  a  linear  four-rod  RFQ  structure  has  been 
discussed  by  Hutcheon  [4],  We  follow  essentially  the 
same  approach,  which  requires  placing  a  number  of 
cavities  around  the  ring  as  shown  in  Fig.  2.  These  cavities 
function  as  rf  couplers  by  providing  the  needed  rf  voltage 
difference  between  the  two  pairs  of  opposite  rods.  The 
analysis  of  Hutcheon  had  to  be  extended  to  include  the 
geometric  closure  of  the  CRFQ. 

9  INJECTION 

Injection  of  a  single  beam  pulse  is  possible  if  the  duration 
is  sufficiently  shorter  than  the  revolution  period  in  the 
ring.  During  injection,  the  rf  is  turned  off  in  a  section  of 
the  CRFQ  as  shown  in  Fig.  2,  between  A  and  B.  This 
section  is  mechanically  cut  out  and  electrically  isolated 
from  the  rest  of  the  ring.  In  the  remaining  of  the  ring  the 
rf  is  kept  on.  Once  the  tail  of  the  beam  has  entered  the 
energized  section,  then  also  the  isolated  section  is  turned 
on  in  a  period  of  time  about  the  duration  of  the  beam  gap. 

10  AN  EXAMPLE 

The  main  purpose  of  this  example  is  the  construction  of  a 
prototype  to  demonstrate  the  two  basic  principles:  (i)  that 
it  is  possible  to  achieve  very  short  alternating  focusing 
periods  of  few  centimeters,  and  (ii)  that  it  is  possible  to 
store  ion  beams  at  intensities  higher  than  those  that  can  be 
achieved  in  conventional  storage  rings.  We  take  a  proton 
beam  at  100  keV  and  a  rf  of  200  MHz.  The  ring  radius  is 
R  =  50  cm,  the  peak  rf  voltage  V0  =  160  kV,  the  internal 
diameter  2b  =  15  mm.  The  density  which  corresponds  to 
the  RFQ  space-charge  limit  is  D  =  2  x  1012  cm'2.  With  a 
beam  normalized  emittance  of  1  n  cm  mrad,  the  average 
beam  radius  at  the  space-charge  limit  is  a  =  5  mm,  so  that 
about  2  x  1012  protons  can  be  stored  in  the  ring.  This  is 
about  10  times  larger  than  the  conventional  limit  given  by 


Eq  1.  Thus  an  experiment  can  be  done  to  verify  that 
indeed  it  is  possible  to  store  considerable  more  current  in 
the  CRFQ  storage  ring.  The  circulating  current  at  the  RFQ 
space-charge  limit  is  460  mA,  and  only  50  mA  with  the 
conventional  limit  of  Eq  1 .  An  ion  source,  operating  at  a 
very  low  duty  cycle,  is  certainly  capable  to  produce  a 
beam  pulse  of  about  0.5  ps  duration  in  excess  of  100  mA. 
The  pulse  duration  is  shorter  than  the  revolution  period  so 
that  only  one  turn  need  to  be  injected  in  the  CRFQ.  The 
ion  source  can  be  placed  on  a  platform  at  35  kVolt.  The 
energy  difference  to  100  keV  can  be  obtained  by 
accelerating  the  beam  in  a  short  linear  RFQ  operating  also 
at  200  MHz.  At  the  end  of  the  acceleration,  the  vanes  of 
the  linear  RFQ  are  no  longer  corrugated,  and  only 
focusing  is  then  provided.  This  linear  section  would  then 
merge  the  CRFQ.  The  experiment  can  be  performed  at  a 
very  low  duty  cycle,  for  example,  with  a  beam  pulse 
injected  and  stored  in  the  CRFQ  every  few  minutes.  There 
is  thus  no  much  beam  power  involved  and  the  beam  itself 
can  directly  be  disposed  by  turning  off  the  rf  field. 

11  CONCLUSIONS 

We  have  described  a  new  concept  of  Storage  Ring  for 
low-energy  ion  beams.  The  principle  of  operation  of  the 
new  device  is  similar  to  that  of  an  ordinary  RFQ,  except 
that  it  is  mechanically  bent  on  itself.  It  is  then  possible  to 
achieve  very  short  alternating  focusing  periods,  and  to 
store  considerable  higher  beam  intensity  well  beyond  the 
ordinary  space-charge  limit  of  conventional  storage  rings. 
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RHIC  INSERTION  REGION  SHUNT  POWER  SUPPLY  SIMULATION* 

D.  Bruno#,  G.  Ganetis,  R.F.  Lambiase,  Brookhaven  National  Laboratory 
Brookhaven  Science  Associates,  Inc.,  Upton,  Long  Island,  New  York  1 1973 

Abstract  shuntjsHi)  i(Lj) 

A  new  heavy  ion  collider  called  the  Relativistic  Heavy 
Ion  Collider  (RHIC)  is  now  under  construction  at 
Brookhaven  National  Laboratory  (BNL)  and  is  scheduled 
to  be  completed  in  June  1999.  The  collider  requires 
superconducting  magnets.  Power  supplies  are  required  to 
supply  currents  to  these  highly  inductive  superconducting 
electromagnet  loads.  The  RHIC  Insertion  Region 
contains  many  shunt  power  supplies  to  trim  current  of 
different  magnet  elements  in  a  large  superconducting 
magnet  circuit.  Shunt  power  supplies  were  chosen  over 
all  trim  magnets  or  individual  power  supplies  to  reduce 
construction  costs.  The  power  supplies  in  the  Insertion 
Region  must  be  tunable.  An  understanding  of  the 
interaction  between  these  power  supplies  was  critical  in 
determining  what  type  of  technology  should  be  chosen  in 
procuring  these  power  supplies.  The  circuit  analysis 
program  MicroCap  V  by  Spectrum  Software  (TM)  was 
used  to  simulate  the  entire  RHIC  collider  ring  Insertion 
Region  power  supply  network.  Results  of  the  absolute 
and  dynamic  error  of  the  magnet  currents  are  presented 
over  the  entire  ramping  cycle  from  acceleration  to 
storage.  A  description  of  the  power  supplies  regulation 
loop  models  is  also  discussed. 

1  INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  is  made  up  of  six 
sextants.  The  simulations  performed  started  with  a  single 
shunt  p.s.  model.  A  single  sextant  was  modeled  next.  This 
single  sextant  was  simulated  with  4  different  variations. 

These  variations  included  changing  the  gain  and 
bandwidth  of  the  current  loops  and  also  observing  the 
effect  of  current  varying  magnet  inductances.  Finally  a 
simulation  of  the  complete  ring  was  performed.  The 
interaction  between  the  p.s.’s  was  analyzed  by  observing 
the  magnet  current  error  during  the  ramping  of  the  p.s.’s. 

Each  power  supply  was  modeled  after  a  typical  12  pulse 
SCR  p.s.  The  current  loop  and  voltage  loop  bandwidths 
that  were  used  in  the  model  were  typical  of  a  12  pulse 
SCR  p.s.  The  current  loop  gain  and  3dB  bandwidth  were 
adjusted  to  observe  the  effect  on  the  magnet  current  error. 


2  SINGLE  SHUNT  PS  MODEL 

Figure  1  is  a  block  diagram  of  the  single  shunt  p.s. 
model.  The  nested  power  supply  is  p.s.  Q7  and  the  outer 
p.s.  is  Main  p.s.  (p.s.  QF).  Both  p.s.’s  had  an  inner 
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Figure:  1  Single  Shunt  P.S.  Model 

voltage  loop  with  a  100Hz  bandwidth.  Both  p.s.’s  had  an 
outer  current  loop.  The  bandwidth  of  the  current  loop  for 
the  Main  p.s.  was  3.5Hz  and  the  DC  gain  was  104dB.  The 
bandwidth  of  the  current  loop  for  the  Q7  p.s.  was  5  Hz 
and  the  gain  was  86dB.  The  magnet  inductances  are 
typical  of  the  magnet  inductances  for  the  complete  ring. 

Figure  2  is  a  diagram  of  the  different  regions  in  the 
current  waveform  as  the  current  ramps  up.  The  waveform 
is  broken  up  into  nine  regions.  These  nine  regions  are 
define  as  follows: 


1 .  Injection 

2.  Start  Acceleration 

3.  Acceleration 

4.  Finish  Acceleration 

5.  Acceleration  Done 

6.  Start  Beta  Squeeze 

7.  Ramp  Squeeze 

8.  Finish  Beta  Squeeze 

9.  Storage 


110s 


The  simulation  performed  on  the  single  shunt  p.s.  model 
revealed  that  the  Q7  dynamic  magnet  current  error  was 
greatest  in  the  Region  2.  The  Q7  maximum  dynamic 
magnet  current  error  in  this  region  was  0.045%  of  the  Q7 
magnet  current. 
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3  SINGLE  SEXTANT  PS  MODEL 


The  next  step  in  the  simulation  was  to  go  from  a  single 
shunt  p.s.  model  to  a  single  sextant  [2]  model  as  shown  in 
the  block  diagram  of  Figure  3. 


This  single  sextant  model  consists  of  12  magnets  and  9 
current  regulated  p.s.’s.  Four  Simulations  were  run  on 
the  single  sextant  model.  Once  again  the  magnet 
inductances  are  typical  of  the  real  magnet  inductances. 
Each  one  of  these  p.s.’s  were  ramped  with  the  true  current 
waveform  that  was  required  in  the  magnets.  Table  1  and 
Table  2  contain  data  regarding  the  characteristics  of  the 
p.s.  regulation  loops  for  this  single  sextant  simulation  1. 
Table  3  contains  data  regarding  the  magnet  currents  [1] 
and  Table  4  contains  magnet  current  errors  (first  3 
regions)  for  this  single  sextant  simulation  1.  In  simulation 
1  all  of  the  p.s.’s  (except  psMain)  have  a  DC  gain  of 
86dB.  PsMain  has  a  DC  gain  of  104dB.  The  3dB 
bandwidth  of  all  of  the  p.s.’s  was  between  2  Hz  and  23Hz 
for  Simulation  1.  The  magnet  inductances  did  not  vary 
with  current  in  this  simulation.  This  simulation  also 
showed  that  the  maximum  dynamic  magnet  current  error 
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3dB  BW 
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(dB) 
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Circuits 

Open  Loop 

OdB  Crossing 
(Hz) 

Open  Loop 
Phase  Margin 
(degrees) 

psMain 

3.01 

83.57 

PsQ7 

1.94 

87.02 

psQ456 

9.33 

110.13 

psQ3 

4.77 

101.61 

psQ2 

12.83 

85.78 

psQl 

14.21 

69.91 

psQ3A 

4.77 

101.61 

psQ2A 

12.83 

85.73 

psQlA 

14.21 

69.91 

Table  2.  Simulation  1  Regulation  Loop  Characteristics 
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(A) 
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(A) 

psMain 

560 

4500 

4590 

psQ7 

68.42 

550 

110 

psQ456 

0 

0 
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psQ3 
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psQ2 
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-34 
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5.23 

42 
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-28 

-225 
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25 

-34 
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Table  3.  Simulation  1  Magnet  Currents 


Magnets 

Absolute 
Max  % 
Region  1 

Dynamic 
Max  % 
Region  2 

Dynamic 
Max  % 
Region  3 

OF 

7E-6 

0.03 

0.025 

07 

7E-6 

0.045 

0.037 

0456 

7E-6 

0.047 

0.038 

03 

0.174E-3 

0.05 

0.04 

02 

0.155E-3 

0.051 

0.042 

01 

0.123E-3 

0.051 

0.042 

Q3A 

0.174E-3 

0.05 

0.04 

Q2A 

0.155E-3 

0.051 

0.042 

Q1A 

0.123E-3 

0.051 

0.042 

Table  4.  Simulation  1  Magnet  Current  Errors 


occurred  in  Region  2.  This  agrees  with  the  single  shunt 
p.s.  simulation.  The  maximum  dynamic  magnet  current 
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error,  in  Region  2,  varied  from  0.03%  of  magnet  current 
to  0.051%  of  magnet  current. 

The  single  sextant  simulation  was  run  a  second  time,  in 
simulation  2,  but  this  time  with  current  varying  magnet 
inductances  to  study  its  effects.  The  inductances  varied  by 
as  much  as  10%  of  their  nominal  value,  as  a  function  of 
current.  In  this  case,  the  maximum  dynamic  magnet 
current  error,  in  Region  2,  also  varied  from  0.03%  of 
magnet  current  to  0.051%  of  magnet  current. 

The  single  sextant  simulation  was  run  a  third  time,  in 
simulation  3,  with  the  DC  gain  dropped  to  74dB  on  all 
p.s.’s  except  psMain.  The  gain  was  dropped  to  see  how 
much  the  magnet  current  error  would  increase.  The 
maximum  dynamic  magnet  current  error,  in  Region  2, 
varied  from  0.03%  of  magnet  current  to  0.14%  of  magnet 
current.  Here  the  12  db  decrease  in  gain  caused  the 
dynamic  magnet  current  error  to  increase  by  almost  3 
times. 

The  single  sextant  simulation  was  run  a  fourth  time,  in 
simulation  4,  once  again  with  the  74dB  gain  and  with 
current  varying  inductances  The  current  varying 
inductances  do  not  have  much  of  an  effect.  The  maximum 
dynamic  magnet  current  error,  in  Region  2,  varied  from 
0.03%  of  magnet  current  to  0.14%  of  magnet  current. 

4  COMPLETE  RING  PS  MODEL 

The  complete  ring  [2]  ps  model  was  made  up  of  six  of  the 
single  sextant  models.  The  simulation  was  run  on  a 
150MHZ  pentium  computer  with  32  Mb  of  RAM.  To 
calculate  the  magnet  current  errors  of  one  sextant  took 
approximately  15  hours  of  run  time. 

In  this  simulation  all  of  the  p.s.’s  (except  psMain)  have 
a  DC  gain  of  74dB.  PsMain  has  a  DC  gain  of  104dB.  The 
3dB  bandwidth  of  all  of  the  p.s.’s  was  between  0.8  Hz 
and  25  Hz.  The  magnet  inductances  did  vary  with  current 
in  this  simulation.  This  simulation  showed  that  the 
maximum  magnet  current  error  occurred  in  the  Region  2 
again.  This  agrees  with  the  single  sextant  p.s.  simulation. 
The  maximum  dynamic  magnet  current  error,  in  Region 
2,  varied  from  0.04%  of  magnet  current  to  0.15%  of 
magnet  current.  Table  5  and  Table  6  contain  data 
regarding  the  characteristics  of  the  p.s.  regulation  loops 
for  this  complete  ring  simulation.  Table  7  contains 
magnet  current  errors  (first  3  regions)  for  this  complete 
ring  simulation. 

5  CONCLUSIONS 

These  simulations  show  that  the  maximum  magnet 
current  error  occurs  in  Region  2,  the  Start  Acceleration 
region.  In  the  complete  ring  model  the  maximum  error 
was  found  to  be  near  0.15%.  The  maximum  allowable 
error  is  0.3%  of  magnet  current.  Since  the  magnet  current 
errors  from  the  simulations  are  less  than  0.3%,  the  p.s.’s 
which  are  used  in  the  ring  shall  have  regulation  loop 
characteristics  which  are  close  to  those  in  this  simulation. 
PsQ7  shall  be  a  20V  (600A)  12  pulse  SCR  p.s.  PsQ456 
shall  be  a  15V  (450A)  12  pulse  SCR  p.s.  PsQ3  shall  be  a 


15V  (300A)  12  pulse  SCR  p.s.  PsQl  shall  be  a  15V 
(200A)  12  pulse  SCR  p.s.  PsQ2  shall  be  a  bipolar 
switchmode  ±  15V  (+150A)p.s. 


Circuits 

3dB  BW 
(Hz) 

Open  Loop 
DC  Gain 
(dB) 

Open  Loop 
1Hz  Gain 
(dB) 

psMain 

3.57 

104 

10.76 

psQ7 

0.8 

74 

-7.86 

psQ456 

25.6 

74 

11.65 

psQ3 

2.33 

74 

11.21 

psQ2 

5.21 

74 

13.6 

psQl 

1.94 

74 

6.23 

psQ3A 

2.31 

74 

10.24 

psQ2A 

5.2 

74 

12.85 

psQlA 

1.92 

74 

6.25 

Table  5.  Complete  Ring  Regulation  Loop  C 

laracteristics 

Circuits 

Open  Loop 

OdB  Crossing 
(Hz) 

Open  Loop 
Phase  Margin 
(degrees) 

psMain 

3.03 

79.76 

psQ7 

0.69 

62.85 

psQ456 

18.45 

70.67 

psQ3 

3.63 

90.49 

psQ2 

4.1 

73.81 

psQl 

2.66 

99.84 

psQ3A 

3.62 

90.29 

psQ2A 

4.06 

73.81 

psQlA 

2.68 

99.74 

Table  6.  Complete  Ring  Regulation  Loop  Characteristics 


Magnets 

Absolute 
Max  % 
Region  1 

Dynamic 
Max  % 
Region  2 

Dynamic 
Max  % 
Region  3 

OF 

7E-6 

0.041 

0.036 

Q7H 

1.64E-3 

0.111 

0.094 

Q456H 

1.64E-3 

0.12 

0.102 

Q3H 

0.85E-3 

0.13 

0.11 

Q2H 

0.94E-3 

0.136 

0.114 

Q1H 

1.1E-3 

0.152 

0.125 

Q3J 

0.85E-3 

0.13 

0.11 

Q2J 

0.94E-3 

0.136 

0.114 

Q1J 

1.1E-3 

0.152 

0.125 

Table  7.  Complete  Ring  Magnet  Current  Errors 
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PERFORMANCE  OF  THE  RHIC  MAIN  POWER  SUPPLY  SYSTEM* 

C.  Schultheiss*,  BNL,  Upton,  NY 


Abstract 

Each  of  the  main  power  supply  systems  for  the 
Relativistic  Heavy  Ion  Collider  (RHIC)  consists  of  a 
power  module,  a  digital  regulator  and  an  output  circuit 
compartment.  The  sextant  test  provided  an  opportunity 
to  test  the  prototype  main  power  supply  system.  This 
test  indicated  areas  where  improvements  could  be  made 
in  the  system.  Changes  were  incorporated  into  the 
design.  Testing  of  the  system,  using  the  actual  ring  as  a 
load,  is  expected  to  be  complete  by  March  1999.  The 
performance  of  this  completed  system  is  presented  and 
discussed. 

1  INTRODUCTION 

The  actual  ring  has  not  been  available  for  testing;  the 
results  presented  are  from  tests  of  the  subsystems  that 
make  up  the  main  power  supplies. 

2  CURRENT  SIGNAL  CONDITIONER 

The  Current  Signal  Conditioner  (CSC)  printed  circuit 
board  develops  an  error  signal  based  on  the  difference 
between  the  Direct  Current  Current  Transducer  (DCCT) 
and  a  DAC  that  receives  the  commanded  current.  The 
error  signal  is  amplified  by  a  factor  of  16  and  then 
digitized  by  a  16  ADC,  this  provides  the  equivalent  of  20 
bits  of  resolution  in  the  current  loop.  Figure  1  shows  a 
block  diagram  of  the  test  configuration  of  the  CSC. 


Figure  1  Test  Configuration  for  Current  Signal 
Conditioner 


'Work  performed  under  Contract  No.  DE-AC02-76CH00016  with  the 
U.S.  Department  of  Energy. 

*  Email:  carls@bnl.gov 


2.1  DAC  Linearity 

The  DAC  Out  signal  was  used  to  measure  the  linearity  of 
the  DAC.  Figure  2  presents  the  results.  The  numbers  at 
the  edge  of  the  graph  indicate  the  extreme  values. 


CurTenl 


Figure  2  DAC  Linearity  Error 

The  linearity  error  is  within  the  error  budget  allocated 
for  it.  A  scheme  to  improve  the  linearity  is  under 
development;  the  necessary  hardware  has  been 
incorporated  into  the  regulator. 

2.2  Accuracy  and  Noise 

The  Accuracy  and  Noise  was  measured  at  the  Err  Out 
signal  and  at  the  A/D  Out  at  various  currents.  Figure  3 
shows  the  typical  output  at  the  A/D  Out  signal  in  ppM. 


Figure  3  Accuracy  and  Noise  at  A/D  Out 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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3  SUB-HARMONIC  CORRECTION 

The  power  supply  uses  digital  firing  circuits  to  allow  a 
real-time  correction  of  the  sub-harmonic  frequencies 
generated  by  the  phase  controlled  power  converter.  [1] 
The  sub-harmonic  correction  algorithm  has  been 
improved  since  the  sextant  test.  [2]  Figure  4  shows  the 
sub-harmonic  frequencies  without  correction  and  with 
correction  at  1000  amps. 


Frequency 


Figure  4  Sub-Harmonic  Correction  at  1000  Amps 


4  QUENCH  PROTECTION  CIRCUITS 

The  magnets  are  super-conducting  and  require  a  circuit 
to  extract  the  energy  in  the  event  of  a  quench.  The 
quench  protection  circuitry  consists  of  a  pair  of  free¬ 
wheeling  SCRs  that  are  across  the  output  of  the  main 
power  supplies.  These  free-wheeling  SCRs  will  conduct 
current  when  the  output  voltage  polarity  is  the  opposite 
of  normal  operation.  When  these  SCRs  conduct  they 
place  energy  dump  resistors  in  the  circuit  as  they  are 
triggered.  The  main  SCRs  are  commutated  off  by  a 
pulse-forming  network  (PFN)  that  back  biases  them.  A 
quench  detection  system  provides  the  triggering  signal 
when  it  detects  a  quench.  The  quench  protection  system 
also  includes  self-triggering  circuits  that  will  trigger  the 
free-wheeling  SCRs  if  the  output  voltage  rises  above  the 
normal  operating  range. 

The  quench  protection  circuits  have  been  tested  on  a  300 
uHenry  inductor.  The  following  oscilloscope  pictures 
show  the  PFN  output  voltage  in  the  upper  trace  and  the 
current  in  the  energy  dump  resistors  in  the  lower  trace. 


Figure  5  Quench  at  500  Amps 


Figure  6  Quench  at  3000  Amps 


Figure  7  Quench  at  5500  Amps 
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The  pictures  indicate  that  the  time  between  the  firing  of 
the  PFN  circuit  and  the  beginning  of  current  flow  in  the 
energy  dump  resistor  is  dependent  on  the  current  in  the 
main  circuit.  The  voltage  at  the  output  must  reverse 
polarity  before  the  free-wheeling  SCRs  can  begin  to 
conduct.  The  output  capacitor  delays  this  voltage 
reversal  and  is  the  reason  the  delay  is  current  dependent. 

The  voltage  across  the  main  SCRs  is  also  reduced  due  to 
the  voltage  drop  in  the  resistance  of  the  inductors  that 
form  part  of  the  PFN  network. 


5  CONCLUSIONS 

The  sub-systems  tested  in  the  main  power  supplies  have 
shown  satisfactory  performance.  When  the  ring  becomes 
available  further  testing  will  be  conducted. 
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FOUR-QUADRANT  CONVERTER  [±600A,  ±12V] 
PROTOTYPE  FOR  LHC 

G.  Kniegl,  R.  Weber,  TRANSTECHNIK,  Holzkirchen,  Germany 
F.  Bordrv.  A.  Dupaquier,  CERN,  Geneva,  Switzerland 


Abstract 

The  CERN  Large  Hadron  Collider  (LHC)  project  will 
make  extensive  use  of  true  bipolar  power  converters 
[±600  A,  ±12  V],  The  need  to  install  the  power 
converters  in  excavated  caverns  underground  requires 
considerably  reduced  dimensions  and  high  efficiency. 
Moreover,  the  LHC  machine  demands  a  very  high  level 
of  performance  from  the  power  converters,  particularly  in 
terms  of  DC  stability,  dynamic  response  and  also  with 
regard  to  ElectroMagnetic  Compatibility  (EMC).  To 
meet  these  requirements,  soft-switching  techniques  are 
used.  The  design  and  the  performance  (DC  stability, 
bandwidth,  efficiency,  EMC...)  of  a  compact  (6U)  and 
high  frequency  (30kHz)  four-quadrant  power  converters 
are  presented. 

1  INTRODUCTION 

The  CERN  Large  Hadron  Collider  (LHC)  machine  will 
make  extensive  use  of  true  bipolar  power  converters 
[±600  A,  ±12  V]  to  correct  the  multipole  errors  of  the 
main  superconducting  magnets  [1,2].  These  power 
converters  feed  sextupole  and  decapole  spool  piece 
circuits  as  well  as  octupole  magnets.  Several  trim 
magnets  also  require  600A  four-quadrant  converters.  In 
total  there  are  about  450  converters  [±600  A,  ±12  V], 
The  need  to  install  the  power  converters  underground 
requires  considerably  reduced  dimensions  and  high 
efficiency.  Moreover,  the  LHC  machine  demands  a  very 
high  level  of  performance  from  the  power  converters, 
particularly  in  terms  of  DC  stability,  dynamic  response 
and  also  with  regard  to  Electromagnetic  Compatibility 
(EMC).  The  outstanding  feature  of  four-quadrant 


[±600  A,  ±12  V]  power  converter  is  its  high  regulation 
precision.  The  converter  module  is  6U  high  and  fits  into 
a  19”  rack  and  is  thus  very  compact. 

2  POWER  CIRCUIT  DESIGN 

To  meet  the  LHC  requirements,  soft-commutation 
switch-mode  techniques  will  be  used  [3]. 

The  chosen  topology  for  the  [±600A,±12V]  converter 
is  described  in  three  parts 

-  Part  1 :  Circuit-breaker  and  contactor  together  with  a 
soft-start  circuit,  a  three-phase  six-pulse  diode 
rectifier  on  the  AC  mains  (400V)  with  a  damped  L- 
C  passive  filter  having  a  resonance  frequency  of 
about  40  Hz. 

-  Part  2:  Full-bridge  Zero  Voltage  Zero  Current 
Switching  Phase  Shift  Inverter  (FB-ZVZCS-PS)  at 
30kHz,  high  frequency  transformers,  rectifier  stage 
and  4th  order  L-C  output  filter. 

-  Part  3:  Bipolar  Linear  Output  Stage  (BLOS)., 
Controlled  high-current  linear  amplifier  stage  with 
paralleled  MOSFETs  for  realisation  of  smooth  zero 
crossing  of  output  current. 

Figure  1  shows  the  block  diagram  of  the  4-quadrant 
converter. 

2. 1  Zero  Voltage  Zero  Current  Switching  Chopper 

The  3-phase  mains  voltage  is  rectified  and  smoothed. 
The  resulting  DC  intermediate  voltage  feeds  the  DC/DC 
chopper  operating  at  30  kHz.  This  stage  employs  a 
"phase  shifting"  switching  mode  inverter  (ZVZCS  = 
Zero  Voltage  /  Zero  Current  Switching)  and  provides  a 
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stabilized,  electrically  isolated,  bipolar,  variable  output 
voltage.  The  control  of  the  power  semiconductors 
(IGBTs)  is  done,  instead  of  turning  off  the  diagonally 
opposite  switches  in  the  bridge  simultaneously  as  for  a 
classical  PWM,  by  introducing  a  phase  shift  between  the 
two  legs  of  the  bridge.  This  phase  shift  determines  the 
output  power  whereas  the  switching  frequency  is  fixed  to 
30  kHz.  The  needed  energy  to  achieve  soft-commutation 
conditions  for  the  switching  of  the  leading  leg  (ZVS) 
comes  from  the  series  inductance,  the  leakage 
inductance  and  the  output  filter  inductance.  This  means 
that  the  energy  stored  is  very  large  to  charge  and 
discharge  the  parallel  switch  capacitances  (parasitic  and 
snubbers)  and  the  parasitic  capacitances  of  the 
transformer.  By  using  a  dc  blocking  capacitor  and  a 
saturable  inductance,  the  primary  current  is  reset  during 
the  freewheeling  period,  which  provides  ZCS  conditions 
for  the  lagging-leg  switches. 

2.2  Bipolar  Linear  Output  Stage 

The  chopper's  output  filter  has  to  filter  a  60  kHz  square 
wave  to  obtain  a  4mVrms  output  voltage  ripple  and  it  is 
designed  as  a  two  stage,  4th  order  filter. 

The  two  choppers'  outputs  are  used  as  supply  voltages 
for  the  two  halves  of  the  complementary  final  output 
stage  BLOS  (Bipolar  Linear  Output  Stage).  The  BLOS 
is  used  for  feeding  or  discharging  the  coils  of  the 
superconducting  correction  magnets  of  the  LHC  with  a 
high-precision  current  and  a  very  precise  crossing  of 
zero  current.  In  order  to  keep  the  losses  down  in  BLOS 
to  a  reasonable  level  during  energizing  of  the 
superconducting  magnet,  the  drain-source  voltage  (Vds) 
of  the  active  MOSFET  is  monitored  and  kept  constant  at 
about  2  volts.  The  duty  cycle  of  the  inverter  is  controlled 
to  maintain  constant  Vds  voltage. 

The  energy  stored  in  the  superconducting  magnet 
(maximum  inductance  is  570mH)  is  dissipated  in  the 
BLOS  and  in  the  cable  resistance  (minimum  resistance  is 
2.8mO).  The  DC/DC  chopper  is  then  switched  off,  the 
energy  discharged  through  the  linear  power  stage  and  a 
free-wheeling  diode  connected  across  the  output  of  the 
DC/DC  chopper. 

A  soft  zero-crossing  without  discontinuity  is  realised 
by  a  regulated  constant  bias  current  flowing  through  both 
halves  of  the  BLOS. 

An  electronic  device  assure  a  safe  path  for  the  magnet 
current  at  any  fault.  The  device  is  constituted  of  two 
back-to-back  thyristors,  called  crowbar.  One  of  them 
turns  on  if  an  over-voltage  (>20V)  appears  at  the 
converter  output.  The  triggering  of  the  crowbar  is 
completely  autonomous  and  does  not  need  any  auxiliary 
voltage. 

2.3  Control  loops 

The  outstanding  feature  of  the  four-quadrant 
[±600  A,  ±12  V]  power  converter  is  its  high  regulation 


precision.  The  device  provides  a  DC  output  voltage 
which  is  extremely  accurate,  follows  a  predefined 
reference  value  without  delay  and  boasts  an  extremely 
low  output  ripple  in  the  mV  range. 

The  converter  itself  works  as  a  voltage  controlled 
voltage  source  which  is  inside  CERN’s  highly  accurate 
current  control  loop.  This  loop  makes  use  of  precise 
current  transducers  (DCCTs),  to  get  a  current  accuracy 
in  the  100  ppm  range. 

The  DC  output  voltage  is  adjusted  by  the  Bipolar 
Linear  Output  Stage  (BLOS)  according  to  the  given 
reference  value  by  CERN,  which  is  an  inner  control 
value  of  the  outer  current  control  loop. 

To  obtain  a  smooth  zero  crossing  all  MOSFETs,  both 
the  active  and  the  passive  branch,  are  held  in  a 
conductive  state  by  an  additional  bias  current  control 
loop.  This  avoids  the  occurring  jump  in  the  gate  voltage 
of  the  MOSFETs  just  beginning  to  conduct  current.  This 
loop  makes  use  of  two  current  transducers,  which 
measure  the  current  through  each  branch.  The  regulator 
takes  the  minimum  of  both  signals  as  actual  value  and 
adjusts  the  driving  voltage  for  the  MOSFETs  to  maintain 
a  constant  circulating  bias  current  of  about  10  Amps  in 
the  BLOS. 

3  MECHANICAL  DESIGN 

The  four-quadrant  converter  [±600  A,  ±12  V]  is 
designed  as  a  6  U  module  inserted  in  a  19”rack  and  is 
thus  extremely  compact.  The  weight  of  one  power 
module  is  65  kg.  To  allow  easy  insertion  and  extraction, 
which  can  be  done  by  one  operator,  it  is  placed  upon  a 
special  drawer  system  (cf.  photo  1).  Once  withdrawn,  it 
can  be  carried  by  two  people  using  the  hinged  side 
handles. 

Two  complete  power  converters,  each  including  a 
power  module,  an  output  circuit  with  two  DCCT,  the 
crow-bar  protection,  and  two  6U  CERN  electronics 
chassis  are  housed  in  one  19"  rack  with  a  total  height  of 
2  meters. 


The  water  distribution  system  with  valves  and  flow 


Photo  1  :  [±600A,±12V]  converter;  6U  module 
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meter  and  an  input  EMI  filter  are  placed  at  the  bottom  of 
the  rack.  Each  power  module  is  supplied  with  cooling 
water  independently  and  are  thus  fully  independent. 
Before  un-plugging  a  module,  only  the  signal  cables  to 
the  CERN  electronics  and  the  water  inlet  and  outlet  have 
to  be  removed  with  self-sealing  connectors  directly  on 
the  front  panel.  The  output  bus  bars  for  the  connection  to 
the  magnets  are  placed  at  the  rear  side  of  the  rack  and 
the  connection  to  the  magnet  can  be  made  either  at  the 
top  or  at  the  bottom  of  the  rack. 


Photo  2  :  6U  module  inserted  in  a  19”rack 


4  PERFORMANCE 

The  measured  efficiency  is  75%  at  full  power  and  70% 
at  half  power.  Most  of  the  main  losses  are  coming  from 
the  linear  output  stage  (~65%  of  the  losses). 

The  measured  output  voltage  ripple  is  less  than  1 
mVrms  in  the  50  -  300Hz  frequency  band  and  less  than 
2mVrms  at  the  switching  frequency  and  its  harmonics 
(Figure  2  and  3). 


0  Marker  X:  300  Hz  V:  501.6?  uVrms 


Figure  2:  Spectrum  Analysis  :  0  -  400  Hz 


Figure  3:  Spectrum  Analysis  :  0  -  100kHz 


The  noise  emission  (EMI)  is  in  compliance  with  the 
IEC478-3,  curve  C  (lmV  above  0.5  MHz). 

Figure  4  presents  the  zero-crossing  of  the  output 
voltage  with  a  0.1  Hz  sine  voltage  reference 


5  CONCLUSION 

The  performance  requirements  have  been  achieved 
under  the  severe  constraint  of  small  volume.  Especially, 
zero  crossings  of  the  output  current  without 
discontinuity,  i.e.  true  4-quadrant  operation  and 
extremely  low  output  voltage  ripple  of  lower  than  1 
mVrms  at  300  Hz  and  of  lower  than  2  mVrms  at  the 
switching  frequency  of  30  kHz  and  its  harmonics  have 
been  realized.  This  [±600A,±12V]  converter  can  be 
considered  as  a  full-size  LHC  prototype.  Six  converters 
are  built  by  Transtechnik  according  to  CERN’s 
specification  and  will  be  used  intensively  for  the  LHC 
magnet  tests. 
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DEVELOPMENTS  IN  THE  HIGH  PRECISION 
CONTROL  OF  MAGNET  CURRENTS  FOR  LHC 

I.  Barnett,  D.  Hundzinger,  O.  King.  J.G.Pett,  CERN,  Geneva,  Switzerland 


Abstract 

The  LHC  will  require  over  1700  magnet  power 
converters,  some  of  which  will  need  an  unprecedented 
precision  of  about  1  ppm  (of  13  kA).  This  paper 
presents  the  approach  taken,  prototype  methods,  initial 
results  and  charts  future  design  directions.  These  results 
confirm  that  such  performance  can  be  obtained  reliably 
and  at  a  reduced  cost  compared  to  conventional 
methods.  Developments  of  a  real-time  controls 
infrastructure  needed  to  support  on-line  beam  feedback 
are  outlined. 

1  BACKGROUND 

For  the  LHC  machine  to  achieve  its  full  potential,  the 
power  converter  system  needs  to  attain  a  peak 
performance  of  about  1  part  per  million  (ppm)  in  terms 
of  resolution,  stability  and  reproducibility.  This 
represents  an  improvement  over  current  practice  of 
approximately  a  factor  of  ten.  In  addition,  the  very  large 
electrical  time  constants  presented  by  super-conducting 
magnets,  coupled  with  the  need  to  remove  dynamic 
errors  required  a  new  approach.  In  order  to  meet  this 
challenge  a  number  of  studies  and  practical  tests  have 
taken  place  over  the  last  few  years  aimed  at  proving  that 
such  increased  performance  can  be  obtained  reliably.  A 
strategy  for  obtaining  such  improvement  was  presented 
in  an  earlier  paper  [1],  In  brief  this  strategy  was  : 

•  Employ  digital  regulation  methods  rather  than 
analogue  methods. 

•  Apply  digital  corrections  of  known  errors. 

•  Employ  real-time  feedback  mechanisms  (both 
magnetic  and  beam  related). 

•  Incorporate  in-situ  calibration  techniques  (this 
subject  is  not  covered  further  in  this  paper). 

This  approach  required  an  extensive  revision  of  present 
practice  for  the  regulation  and  remote  control.  This 
paper  presents  the  design  of  the  prototype  system,  the 
results  obtained  and  outlines  future  design  directions. 

2  PROTOTYPE  IMPLEMENTATION 

The  digital  regulation  hardware,  shown  in  figure  1,  has 
been  built  using  a  commercial  digital  signal  processor 
(DSP)  card  as  the  heart  of  the  system.  This  processor,  a 
Texas  TMS320C32,  32  bit  floating-point  device 

computes  the  current  reference  value  every  milli-second, 


Figure  1 :  Prototype  Hardware. 

compares  this  to  the  actual  measured  current  and  then 
computes,  using  a  regulation  algorithm,  the  required 
signal  to  drive  the  power  converter  to  the  correct  value. 
This  signal  is  converted  into  analogue  form  via  a  digital 
to  analogue  converter  (DAC).  The  output  current  is 
measured  by  a  purpose  designed,  Sigma-Delta,  analogue 
to  digital  converter  (ADC),  which  has  better  than 
±1  ppm  performance  and  is  directly  interfaced  to  the 
DSP.  The  interface  between  the  DSP,  the  remote  control 
system  and  the  power  converter  hardware  is  provided  by 
a  second  commercial  micro-controller  card.  This  card 
employs  a  Motorola  MC68HC16Z1  which  acts  as  the 
‘master’  for  the  DSP. 

The  software  for  both  processors  is  written  in  ‘C’, 
using  commercial  software  development  tools.  Only 
minor  use  of  assembly  language  has  proven  necessary. 
Both  systems  employ  ‘direct  to  processor’  connections 
to  the  PC  (BDI  and  JTAG),  allowing  code  down-load 
and  extensive  debug  capabilities.  The  reference  and 
regulation  algorithms  operate  as  a  single  repetitive  task 
in  the  C32  while  a  simple  command  monitor  running  in 
the  HC16  and  using  a  terminal  as  input,  replaces  the 
remote  control  functionality.  For  the  moment,  no  real¬ 
time  operating  system  is  employed  but  this  will  be 
incorporated  in  the  next  generation. 

In  order  to  evaluate  the  power  converter  performance 
under  digital  regulation,  an  independent  measurement 
system  has  been  set  up.  This  uses  a  high  precision 
HP3458  DVM  to  measure  the  current,  and  also  captures 
data  directly  from  the  DSP  every  millisecond  via  a  FIFO 
buffer.  Display  and  analysis  software  is  based  on 
MATLAB,  which  is  also  used  to  study  and  simulate  the 
entire  regulation  system,  allowing  theoretical  and 
practical  results  to  be  compared. 
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3  CONTROL  ALGORITHM 
DEVELOPMENT 

The  control  algorithm  for  the  power  converter  regulation 
is  a  key  element  in  determining  the  overall  performance. 
Two  methods  have  been  incorporated  and  are  under 
detailed  investigation.  They  aim  to  provide  the 
necessary  accuracy,  resolution  and  dynamic 
performance.  The  first  method  is  a  digital  realisation  of 
standard  analogue  techniques  employing  proportional- 
integral-integral  (PH)  plus  feed-forward.  The  second 
method  employs  a  more  modem  approach,  namely  RST. 
Both  methods  have  been  tested  in  simulation  and  have 
proven  to  give  more  than  adequate  performance  for 
LHC.  The  PII  algorithm  has  been  implemented  fully 
and  tested  extensively  with  real  power  converters  and 
magnet  loads.  A  number  of  practical  problems  had  to  be 
solved,  including  start-up  conditions  and  loop  saturation. 
Tests  have  also  been  successfully  conducted  on  adaptive 
algorithms  but  they  are  probably  not  necessary.  Both 
algorithms  are  deceptively  simple  in  code  terms,  but  do 
require  some  attention  with  the  mathematical  errors  due 
to  the  single  precision  maths  of  the  DSP. 

4  REFERENCE  GENERATION 

The  generation  of  an  accurate  and  smooth  acceleration 
waveform  is  essential  for  the  successful  operation  of 
LHC.  The  preferred  form  for  the  main  magnetic 
elements  is  explained  in  another  contribution  to  this 
conference  [2].  The  control  algorithm  requires  the 
precise  value  of  this  waveform  to  be  evaluated  every 
loop  iteration  (1ms).  A  number  of  possibilities  for 
implementing  this  complex  waveform  exist  and  have 
been  studied  in  some  detail. 

Initial  tests  were  performed  using  a  linear  ramp 
function  and  subsequently  the  addition  of  parabolic  start 
and  stop  regions.  This  enabled  most  evaluations  of 
control  loop  performance  to  be  made  easily.  More 
recent  work  has  aimed  at  numerical  methods,  employing 
quadratic  or  cubic  spline  fits,  and  in  this  area  a  number 


studies  have  indicated  the  potential  of  such  methods  to 
reduce  the  amount  of  data  defining  the  desired 
waveform.  Such  reductions  are  desirable  to  reduce  the 
network  data  flow.  The  direct  application  of  correction 
multipliers  at  100  Hz  to  the  desired  reference  waveform 
has  been  demonstrated  successfully  in  recent  tests  on  the 
SPS  machine 

Latterly,  a  mathematical  model  of  the  preferred  LHC 
waveform  has  been  implemented  directly  in  the  DSP. 
This  has  allowed  a  number  of  interesting  tests  to  be 
performed  and  will  be  of  value  for  subsequent  magnetic 
measurements.  However,  apart  from  test  purposes,  such 
methods  are  unlikely  to  be  used  for  the  LHC. 

5  PROTOTYPE  RESULTS 

The  results  which  are  presented  below  are  only  the  latest 
from  a  long  series  of  measurements.  Tests  with 
simulated  loads  and  model  power  converters  have 
recently  been  complemented  with  full-scale  tests  on 
power  converters  up  to  20  kA  and  with  a  variety  of  loads 
with  time-constants  ranging  from  40  ms  to  100  s.  Final 
tests  can  only  be  made  with  the  23,000  s  load  of  the 
actual  LHC  machine.  Figure  2  illustrates  low  frequency 
noise  and  current  steps  of  1  ppm.  Figure  3  shows  a 
‘short’  LHC  acceleration  curve  (up  to  5  kA).  The  form 
of  the  ramp  was  computed  in  real-time  from  segment 
equations.  The  segments  were:  (i)  parabolic  acceleration, 
(ii)  exponential  acceleration,  (iii)  linear  ramp, 
(iv)  parabolic  deceleration.  Figure  4  shows  the  first  six 
seconds  of  the  ramp  in  more  detail,  illustrating  the 
excellent  resolution  and  accuracy  of  the  system.  Good 
control  at  the  start  of  the  ramp  is  particularly  important 
as  the  beam  is  then  at  its  most  vulnerable  to  errors. 
Analysis  of  the  end  of  the  ramp  shows  equally  good 
behaviour  with  no  overshoot.  Finally,  the  long  term 
stability  of  the  controller  is  illustrated  in  figure  5.  The 
linearity  of  the  system  is  entirely  dependent  on  that  of 
the  ADC  (±1  ppm)  and  current  transducer  (DCCT),  both 
of  which  are  presently  undergoing  validation  tests. 
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Figure  2:  1  ppm  Current  Steps. 


Figure  3:  Short  LHC  Ramp. 
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Figure  4:  The  start  of  the  short  LHC  ramp. 

6  DEVELOPMENT  WORK 

In  order  to  progress  further  towards  a  final  system  design 
a  number  of  important  steps  have  been  taken  recently. 
The  first  is  the  development  of  a  cheaper  ADC  for  the 
majority  of  circuits  which  have  less  demanding 
requirements.  The  second  is  the  completion  of  a  single 
card  design  which  brings  together  all  of  the  essential 
components  mentioned  earlier.  Extensive  use  has  been 
made  of  field  programmable  gate  arrays  (FPGA's)  and  a 
novel  serial  digital/analogue  input  system  has  been 
developed  for  power  converter  surveillance. 

A  very  important  third  development  has  occurred 
recently  with  the  adoption  of  the  WorldFIP  field  bus  as 
the  link  between  the  digital  controller  card  and  the  LHC 
accelerator  network.  This  field  bus  has  a  number  of 
specific  characteristics,  among  which,  its  deterministic 
performance  is  paramount.  This  feature  enables  the 
WorldFIP  to  transport  reliably  the  online,  100  Hz, 
closed-loop  correction  data  around  the  LHC,  while  also 
doubling  as  a  simple  transport  mechanism  for  the 
required  machine  synchronisation  and  timing.  This 
results  in  a  considerable  cost  saving  while  enhancing 
reliability  due  to  component  reduction.  Status  and 


measurement  data  can  equally  be  up-loaded  to  the 
control  room  at  100  Hz. 

Parallel  developments  in  the  overall  controls  network 
should  allow  extensive  use  of  real-time  control  across 
the  entire  system.  Code  down-load  and  diagnostics  up¬ 
load  also  enhances  system  flexibility  and  accelerator 
performance. 

7  CONCLUSIONS 

The  results  of  the  prototype  work  which  have  been 
presented,  validate  the  overall  strategy  adopted  earlier. 
The  performance  improvements  are  such  that  power 
converters  can  now  be  designed  with  all  major  errors 
reduced  to  the  ppm  level.  This  has  been  achieved  along 
with  an  overall  reduction  in  costs.  The  methods  are 
applicable  to  a  very  wide  range  of  power  converter 
loads,  ranging  from  several  tens  of  milliseconds  to  more 
than  ten  thousand  seconds.  Moreover,  on-line  feedback 
can  be  incorporated  at  essentially  zero  cost,  while  the 
design  realisation  allows  hardware  and  software 
refinement  to  continue  up  to  and  beyond  the  putting  into 
service  of  the  equipment.  Overall  system  validation 
remains  to  be  done  however,  along  with  an 
industrialisation  process  for  series  manufacture. 
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Abstract 

Over  the  last  two  years  the  powering  strategy  of  the  Large 
Hadron  Collider  (LHC)  has  undergone  a  considerable 
evolution.  This  was  not  only  motivated  by  new 
requirements  but  more  importantly  by  a  quest  to  reduce 
costs  and  improve  operational  reliability  and  flexibility. 
In  order  to  achieve  this,  despite  an  increase  in 
complexity,  novel  modifications  to  the  strategy  and 
hardware  have  been  proposed  both  on  the  warm  and  cold 
sides  of  the  machine.  During  this  process  the 
requirements  of  the  accelerator  physics  have  been 
clarified  and  met  while  working  within  the  boundary 
conditions  imposed  by  the  utilisation  of  the  existing 
CERN  infrastructure.  After  a  brief  review  of  the  present 
powering  strategy  which  needs  to  produce  and  supply 
2MA  dc  in  1800  circuits,  more  detailed  descriptions  will 
be  given  of  the  changes  implemented  in  order  to  achieve 
a  more  rational  overall  system.  Some  performance  issues 
of  the  powering  system  will  also  be  discussed. 

1  INTRODUCTION 

The  LHC  will  be  installed  in  an  existing  underground 
tunnel  of  27km  circumference  that  presently  houses  the 
Large  Electron  Positron  machine  (LEP).  Much  of  the 
infrastructure  of  LEP  will  be  reused,  notably  the  civil 
engineering  and  electrical  distribution  which,  while 
giving  substantial  economies,  will  place  constraints  on 
the  powering  equipment  which  must  be  designed  within 
certain  boundary  conditions. 

Each  of  the  eight  sectors  of  LHC  will  be  powered 
individually  and,  for  the  main  circuits,  ring  1  and  2  will 
be  powered  in  series.  However,  the  main  dipoles, 
focusing  quadrupoles  and  defocusing  quadrupoles  of  the 
FODO  cell  structure  are  separately  powered. 
A  continuous  cryostat  runs  along  each  of  the  eight  sectors 
with  superconducting  magnets  cooled  to  <  2K  (Fig.  1). 
This  cryostat  contains  the  main  lattice  circuits  as  well  as 
the  dispersion  suppressors  and  some  of  the  matching 
section  at  each  end.  A  large  number  of  superconducting 
bus-bars  run  through  the  cryostats  connecting  the  various 
circuits  which  are  fed  from  electrical  feed  boxes  (DFB) 
located  at  each  end  of  the  sectors.  The  long  straight 
sections  of  the  interaction  regions  have  several  additional 
magnets  that  are  locally  fed.  The  main  lattice  circuits  are 
fed  from  the  even  points,  left  and  right,  while  in  the  odd 
points  the  powering  is  kept  to  a  minimum  and  is 
associated  with  the  circuits  located  at  the  end  of  the  arcs. 


This  matches  the  geographic  availability  of  the  existing 
ac  power  of  LEP. 

The  power  converters  of  LHC  must  be  situated  as  close 
as  possible  to  the  machine's  electrical  feed  boxes  in  order 
to  minimize  the  transport  of  the  high  currents  required  by 
the  machine  (up  to  1 3  kA).  Therefore,  they  will  be  placed 
underground  using,  for  the  most  part,  the  caverns  vacated 
by  the  Klystrons  of  LEP  (Fig.  2).  The  LHC  has  the 
following  superconducting  circuits; 

•  24  main  circuits  of  1 3  kA, 

•  8  low  beta  triplets  requiring  8  or  13  kA, 

•  212  individually  powered  quadrupole  circuits 
requiring  6  kA, 

•  544  auxiliary  circuits  of  600  A, 

•  956  orbit  correctors  of  60  to  120  A. 

There  are  also  48  circuits  with  room  temperature 
magnets. 

In  all,  LHC  will  require  2000  kA  through  1800  circuits. 


| 

u 
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Figure  1 :  Schematic  layout  of  LHC. 

2  MAIN  DIPOLES  AND  THEIR 
CORRECTORS 

Each  of  the  eight  main  dipole  circuits  contains 
154  dipoles.  They  have  cold  bypass  diodes  and  energy 
extraction  to  deal  with  a  quench  in  one  or  more  of  the 
magnets  [1],  Half  the  magnets  are  placed  on  the  go  bus¬ 
bar  and  half  on  the  return  so  that  energy  extraction  can  be 
performed  at  the  two  ends  of  a  sector,  thus  reducing  the 
voltage  withstand  requirements.  This  results  in  two  types 
of  main  dipole,  at  least  as  far  as  the  connections  are 
concerned.  Originally  b3  and  b5  correctors  were  placed  in 
all  dipole  magnets  and  later  the  possibility  of  adding  a4 
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Figure  2:  Schematic  layout  of  sector  of  LHC. 


and  b4  correctors  was  considered.  However,  the  exact 
requirements  will  not  be  known  until  the  first  pre-series 
magnets  are  measured.  It  has  therefore  been  decided  to 
profit  from  the  existence  of  two  types  of  dipole.  One  type 
will  be  equipped  with  a  full  complement  of  correctors 
(nested  b4/b5  on  one  side  and  b3  on  the  other)  while  the 
other  will  have  only  a  b3  corrector  thus  leaving  space 
available  if  extra  correctors  are  needed  following 
measurements  on  the  first  series  magnets.  Provision  for 
powering  these  additional  circuits  will  be  made. 

3  INSERTION  QUADRUPOLES 

Originally  the  main  arc  quadruples  were  used  for  the 
individually  powered  quadrupoles  of  the  long  straight 
sections.  These  required  13  kA  and,  while  feasible  to 
power  in  a  chain,  were  very  expensive  to  power 
individually.  A  new  magnet  has  now  been  designed 
specifically  for  such  applications,  which  requires 
a  maximum  of  6  kA.  Later  studies  on  the  dispersion 
suppressor  revealed  problems  to  get  an  adequate  range 
from  the  trim  system  [2].  Therefore,  these  same  magnets 
are  now  used  in  the  dispersion  suppressor  and  can  be 
individually  powered.  Three  rather  than  four  bus-bars  are 
used  to  power  the  two  apertures  thus  saving  on  cold  bus¬ 
bars  and  space  requirements.  The  trim  system  is  however 
retained  for  the  dispersion  suppressors  of  the  cleaning 
insertions,  but  they  no  longer  require  the  longer  version 
of  the  main  quadrupole.  Thus  only  one  length  of  main 
quadrupole  is  now  necessary. 


4  SUPERCONDUCTING  BUS-BARS 

The  circuits  associated  with  the  main  dipoles  (dipole  plus 
corrector  magnets)  as  well  as  the  two  quadrupole  circuits 
are  fed  through  the  cold  masses  of  all  magnets  (Fig.  3). 
Their  bus-bars  are  installed  in  slots  in  the  cold  masses. 
The  dipoles  use  two  bus-bars  of  7.4  mm2  NbTi  with 
300  mm2  of  copper  stabiliser.  Energy  is  extracted,  in  case 
of  a  quench,  at  an  initial  rate  of  125  A/s.  The  quadrupoles 
use  four  bus-bars  of  7.4  mm2  NbTi  with  180  mm2  of 
copper  and  the  initial  discharge  rate  is  320  A/s.  The 
dipole  corrector  magnets  use  20  monolithic  rectangular 
conductors  with  a  cross  section  of  3  mm2  and  a  copper  to 
superconducting  ratio  of  9:1. 

The  individually  powered  quadrupoles  and  the  array  of 
corrector  circuits  associated  with  the  short  straight  section 
(SSS)  need  to  bypass  the  dipoles  and  a  link  is  provided 
along  the  53  metres  of  the  half  cell.  For  the  600  A  circuits 
a  flexible  multi-wire  cable  is  used  containing  36  super¬ 
conducting  wires  with  a  diameter  of  1.6  mm  and  a  ratio 
Cu/SC  ratio  of  9.5:1.  The  outer  diameter  of  the  complete 
cable  is  15.5  mm.  A  similar  cable  is  proposed  for  the 
6  kA  circuits  containing  18  multifilament  conductors  and 
having  an  external  diameter  of  23  mm.  These  need  to  be 
installed  in  a  tube  containing  helium  II  running  from  SSS 
to  SSS  [3].  The  number  and  type  of  cable  varies  around 
the  machine  according  to  the  local  needs  for  powering. 
This  solution,  compared  to  previous  designs,  where  all 
routing  was  done  inside  the  cold  masses,  reduces  the 
number  of  electrical  interconnections  by  48000  and  yields 
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Figure  3:  Superconducting  busbars. 


flexibility  and  reduction  in  costs.  The  6  kA  cable  is  the 
most  difficult  to  engineer  since  the  forces  acting  on  it  will 
be  appreciable  as  there  is  a  non-negligible  field  in  the 
region  of  the  tube.  The  tube  itself  needs  to  be  carefully 
thermalised  to  the  cold  mass  in  order  to  avoid 
unacceptable  additional  cool  down  times. 

5  POWER  CONVERTER 
PERFORMANCE 

It  has  now  been  established  that  modular  switch-mode 
power  converters  with  digital  current  loops  will  be  used 
for  LHC  [4],  Some  circuits  will  need  a  performance  of  a 
few  parts  per  million  of  maximum  and  resolution  of  20 
bits.  The  reference  magnets,  previously  in  series  with 
each  of  the  main  lattice  circuits  (24  in  all),  have  now  been 
eliminated.  A  few  remote  reference  magnets  powered  by 
the  same  current  cycle  as  those  in  the  machine  will 
replace  them.  They  will  be  used  primarily  to  derive 
feedback  for  the  dipole  correction  circuits  during 
persistent  current  decay  and  snap-back.  Work  has 
continued  on  beam  feedback  for  orbit,  tune  and 
chromaticity  [5].  An  overall  bandwidth  of  1  Hz  will  be 
necessary  and  deterministic  control  will  be  provided 
using  commercially  available  field  busses 

6  CONCLUSIONS 

Over  the  last  two  years  the  powering  strategy  of  LHC  has 
undergone  a  considerable  evolution.  This  was  not  only 


motivated  by  new  requirements  but  more  importantly  by 
a  quest  to  reduce  costs  and  improve  operational  reliability 
and  flexibility.  During  this  process  the  requirements  of 
the  accelerator  physics  have  been  clarified  and  met  while 
working  within  the  boundary  conditions  imposed  by  the 
utilisation  of  the  existing  CERN  infrastructure. 
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Abstract 

Direct  connection  of  the  synchrotron  magnet  power 
supply  to  the  utilities  causes  the  effect  of  pulsed  reactive 
and  active  power  in  the  ac  line.  Conventionally,  Static 
Var  Control  system  compensates  the  reactive  power 
generated  by  the  thyristor  converter  to  reduce  the  flicker  in 
the  power  line.  However,  it  is  necessary  to  control  not 
only  a  reactive  power  but  also  an  active  power  for  the 
future  large  scale  synchrotron  magnet  power  supply  in 
order  to  reduce  the  dissipation  power  and  to  realize  the 
stabilization  in  the  ac  line.  An  adjustable-speed  rotaiy 
condenser  is  capable  of  not  only  reactive  power  control 
but  also  active  power  control  since  it  utilize  a  flywheel 
effect  of  the  rotor.  Research  and  development  on  these 
problems  are  now  under  going  using  a  model  system  of 
7.5kW  rotary  condenser  with  flywheel  (GD2=3kg-m2). 
Control  and  characteristic  of  an  adjustable-speed  rotaiy 
condenser  and  the  experiment  result  will  be  presented. 

1  INTRODUCTION 

1.1  Background 

The  KEK-PS  main  ring  magnet  power  system  works  at 
repetition  rate  0.25  -  0.4  Hz  for  the  power  to  be  fed  in  and 
fed  out  from  the  utility  to  the  magnets  by  converter  and 
inverter  mode  operations.  The  magnet  power  system, 
consists  of  the  ring  magnet  power  supply  (23.6MVA), 
the  reactive  power  compensator  systems  (20  MVar  lag  for 
fundamental)  and  the  harmonic  filter  banks  (20  MVar  lead) 
[1]. 

As  a  case  of  the  50  GeV  main  ring  magnet  power 
system  of  the  Japan  Hadron  Project  (JHF),  peak  power 
and  dissipation  power  are  estimated  to  be  about  120MW 
and  34.5MW,  respectively.  For  such  a  large  scale  magnet 
power  system,  the  fluctuation  of  active  power  produce 
serious  effects  on  power  systems  of  the  installation  site  of 
the  magnet  power  supply,  even  if  the  reactive  power  is 
compensated.  Hence,  installation  of  a  large-capacity 
energy  storage  system  to  the  magnet  power  supply  is  now 
under  consideration.  For  the  JHF  design,  doubly-fed 
flywheel  generating  system  is  under  consideration  [2], 


Attention  has  been  paid  to  a  flywheel  energy  storage 
system  based  on  a  doubly-fed  induction  generator-motor 
for  the  purpose  of  power  conditioning  with  aiming  at 
load-leveling  over  a  repetitive  period.  Figure  1,  for 
example,  shows  the  typical  pattern  of  which  active  power 
changes  drastically  in  a  range  from  +55MW  to  -55MW 
within  4  sec.  It  is  also  referred  to  as  an  “adjustable-speed 
rotary  condenser”  capable  of  both  active  power  control  and 
reactive  power  control,  in  contrast  with  a  conventional 
“synchronous-speed  rotary  condenser”  capable  of  only 
reactive  power  control. 


(c) 

Figure  1  :  Typical  operating  pattern  of  a  magnetic  power 
supply  for  a  proton  synchrotron,  (a)  Magnet  current,  (b) 
Magnet  voltage,  (c)  Active  power. 

1.2  The  200-MJ  flywheel  energy  Storage  System 

For  example,  the  200  MJ  ROTES  (Rotary  Energy 
Storage  System)  was  successfully  commissioned  at  the 
Chujowan  substation  on  Okinawa  island  of  Japan  [3]. 
The  ROTES  is  an  application  of  adjustable  speed  pumped 
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storage  system  technology,  and  is  an  excellent  system 
designed  to  suppress  frequency  fluctuations  caused  by 
sudden  and  frequent  load  changes  in  the  power  system. 
With  the  200  MJ  ROTES,  frequency  fluctuations  have 
been  greatly  improved  from  ±  0.6  Hz  to  ±  0.3  Hz. 

2  SYSTEM  CONFIGURATION 

A  doubly-fed  flywheel  generator-motor  of  a  wound-rotor 
induction  machine  and  a  cycloconverter  or  a  voltage- 
source  PWM  rectifier-inverter  which  is  used  as  an  ac 
excitor.  Adjusting  the  rotor  speed  makes  the  generator- 
motor  either  release  the  kinetic  energy  to  the  power 
system  or  absorb  it  from  the  power  system.  Thus,  the 
generator-motor  has  the  capability  of  achieving,  not  only 
reactive  power  control,  but  also  active  power  control 
based  on  a  flywheel  effect  of  the  rotor. 

The  control  strategy  enables  the  flywheel  generator- 
motor  to  perform  active  power  control  independent  of 
reactive  power  control  even  in  transient  states.  The 
flywheel  generator-motor  based  on  leading  edge  power 
electronics  and  electric  machine  technologies  shows 
promise  as  a  versatile  power  conditioner,  in  particular, 
being  capable  of  repetitively  absorbing  or  releasing 
electric  energy  for  a  periodical  operation  such  as  a 
synchrotron  magnet  power  supply. 

The  ac  excitation  on  the  basis  of  a  rotor-position 
feedback  loop  makes  it  possible  to  achieve  stable  variable- 
speed  operation.  Adjusting  the  rotor  speed  makes  the 
generator-motor  either  release  the  electric  power  to  the 
utility  grid  or  absorb  it  from  the  utility  grid.  Therefore, 


the  flywheel  energy  storage  system  is  more  suitable  for 
repetitively  absorbing  and  releasing  electric  energy  for  a 
short  period  of  time.  The  required  capacity  of  power 
electronic  equipment  for  ac  excitation  is  in  a  range  from 
one-fifth  to  one-seventh  as  small  as  the  capacity  of  the 
wound-rotor  induction  machine. 

A  40-MJ  flywheel  energy  storage  system  based  on  a 
70-MVA  doubly-fed  induction  machine  should  be  installed 
on  the  ac  side  of  the  magnet  power  supply  shown  in  Fig. 
1 ,  in  order  to  achieve  perfect  load-leveling.  Comparison 
with  the  200-MJ  system  installed  for  line-frequency 
regulation  leads  to  the  possibility  that  the  40-MJ  system 
does  not  need  to  couple  any  flywheel  with  the  rotor, 
because  the  induction  machine  rating  required  to  the  40- 
MJ  system  is  2.6  times  as  large  as  that  required  to  the 
200-MJ  system.  On  the  contrary,  the  40-MJ  system 
needs  to  achieve  much  faster  charge/discharge  of  active 
power  than  the  200-MJ  system. 

3  EXPERIMENT  SYSTEM  AND 
SIMULATION 


3.1  Experiment  System 

Despite  of  the  200-MJ  successful  example,  it  is  necessary 
to  confirm  that  a  new  control  strategy  for  a  doubly-fed 
flywheel  generator-motor  would  be  effective  by  an 
experiment. 


Figure  2  :  Experiment  system  of  the  7.5  kW  doubly-fed  flywheel  with  IGBT  rectifier  and  inverter 
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The  experiment  system  consists  of  a  7.5-kW  doubly- 
fed  induction  machine  equipped  with  a  flywheel  of  3 
kgm2,  a  2-kVA  voltage-source  PWM  rectifier,  a  2-kVA 
voltage-source  PWM  inverter,  and  dual  CPUs  (Hitachi 
SH-1).  Fig.  2  shows  a  block  diagram  of  the  experiment 
system.  The  rectifier  and  inverter  using  insulated  gate 
bipolar  transistors  (IGBTs)  rated  at  600  V  and  30  A,  are 
controlled  by  the  CPUs.  Three-phase  currents  and 
voltages  are  detected  by  CTs  or  PTs,  while  the  rotor 
position  is  detected  by  a  rotary  encoder  (RE).  These 
signals  are  sent  to  the  CPUs  in  order  to  calculate  three- 
phase  inverter  output  voltages.  The  inverter  excites  the 
secondary  winding  of  the  induction  machine  through  slip 
rings,  forcing  the  active  and/or  reactive  power  released  to, 
or  absorbed  from,  the  utility  to  follow  its  references  ip 
and  iq.  The  experiment  is  now  under  processing. 

3.2  Simulation 

Fig.  3  shows  simulated  waveforms  in  which  the 
switching  operation  of  the  voltage-fed  PWM  inverter  is 
taken  into  account  [4].  Here,  the  control  system  for  ip 
and  /'?has  a  proportional-plus-integral  (PI)  controller,  the 
time  constant  of  which  is  set  at  100  ms.  The 
proportional  gain  is  designed  to  be  K  =  0.5  [V/A],  so 
that  the  time  constant  of  ip  and  iq  for  a  step  change  in  i* 
and  i*  is  T  =  2.5  ms.  The  triangle-carrier  frequency  of 
the  voltage-fed  PWM  inverter  is  1  kHz,  and  the  dc  link 
voltage  is  0.2  pu.  The  magnitude  of  the  step  change  in 
ip  and  i*  is  set  to  be  ±  0.25  pu,  so  that  the  maximum 
output  voltage  of  the  inverter  does  not  reach  the 
saturation  voltage,  that  is,  the  dc  link  voltage  of  0.2  pu. 
If  the  magnitude  of  the  step  change  is  large  enough  for 
the  control  system  to  reach  saturation,  it  would  be 
impossible  to  evaluate  the  response  inherent  in  the 
control  system  from  the  resulting  response  to  the  step 
change,  because  the  saturation  voltage  would  dominate 
the  resulting  response  to  the  step  change.  Fig.  3 
exhibits  that  the  time  constant  of  ip  and  iq  is  2.5  ms  (coc 
=  400  rad/s)  which  is  equal  to  its  design  value,  and  that 
no  cross-coupling  occurs  between  ip  and  iq.  The  rotor 
speed  of  the  induction  machine,  a>ra  varies  in  Fig.  3  (a), 
whereas  it  is  held  constant  at  360  rpm  in  Fig.  3  (b) 
because  ip  =  0.  Detailed  results  of  the  simulation  will  be 
presented  in  another  place  [4], 

4  CONCLUSION 

This  paper  has  described  the  control  strategy  and  dynamic 
performance  of  a  flywheel  energy  storage  system  based 
on  a  doubly-fed  induction  machine  for  power 
conditioning.  The  validity  of  the  theory  developed  in 
this  paper  is  verified  by  computer  simulation. 

The  flywheel  energy  storage  system  based  on  a 
doubly-fed  induction  machine  is  expected  to  be  used 
exclusively  as  a  versatile  power  conditioner,  in  particular, 
being  capable  of  repetitively  absorbing  and  releasing 


electric  energy  for  a  short  period  of  time  less  than  a 
minute.  The  experiment  result  of  7.5  kW  model  should 
be  expected. 


Figure  3  :  Simulated  waveforms  in  switching  operation 
of  the  voltage-fed  PWM  inverter,  (a)  Step  response  of  i* 
under  iq  =0.  (b)  Step  response  of  i*  under  ip  =0.  (0m  is 
held  constant  at  360  rpm  in  because  of  ip  =  0. 
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Abstract 

In  the  Japan  Hadron  Facility  (JHF),  the  3-GeV  booster  is 
planned  to  be  a  25  Hz  rapid  cycling  separated-function 
synchrotron.  To  achieve  a  stable  acceleration,  the  tune 
variation  due  to  tracking  errors  is  required  to  be  less  than 
0.01.  Since  the  White-circuit  is  adopted  with  a  pulse 
power  supply  as  its  ac  source,  the  relative  phase 
difference  of  multi-network  field  becomes  one  of  the 
main  causes  of  the  tune  errors  and  should  be  minimized. 
The  tolerable  phase  shift  is  estimated  to  be  0.8  mrad.  This 
paper  describes  a  scheme  to  synchronize  the  multi¬ 
network  excitation.  A  circuit  for  phase  feedback  is 
implemented  and  experimental  results  are  presented. 

I  INTRODUCTION 

Rapid  cycling  synchrotrons  of  separated  function  have 
come  into  use  in  several  facilities  such  as  ESRF  10  Hz 
booster  [1]  and  BESSY  II  10  Hz  booster  [2].  In  the  Japan 
Hadron  Facility  (JHF),  the  3-GeV  booster  is  designed  to 
be  a  25  Hz  rapid  cycling  separated-function  synchrotron 
[3],  in  which  the  tune  variation  due  to  tracking  errors  is 
required  to  be  less  than  0.01  to  achieve  a  stable 
acceleration.  Resonant  magnet  excitation  using  White 
circuit  powered  by  biased  ac  power  source  is  the 
traditional  configuration  for  rapid  cycling  synchrotrons. 
In  separated-function  machines,  tracking  errors  are 
caused  by  high  harmonics  in  resonant  magnet  current  and 
phase  errors  between  multi-networks.  We  have  built  two 
model  networks  powered  by  traditional  pulse  ac  sources 
to  examine  the  phase  synchronization  [3],  We  designed  a 
phase  feedback  circuit  to  achieve  the  phase 
synchronization. 

2  PHASE  ADJUSTMENT  SCHEME 

A  phase  adjustment  circuit  is  implemented  to  synchronize 
the  resonant  current  in  the  slave  circuit  with  the  master 
one  as  shown  in  Fig.l. 

2.1  System  Configuration 

Two  model  resonant  networks  ( Lm  ,  Cm )  and  their  pulse 

ac  sources  are  shown  in  Fig.l.  The  upper  set  is  operated 
as  master  system  while  the  lower  one  as  slave  one. 

JSPS  (Japan  Society  for  the  Promotion  of  Science)  Fellow 
'  Email:  zhangfq@mail.kek.jp 


Half-sine-like  current  pulses  ( I p )  are  generated  by 

triggering  the  pulse  thyristors  (SCR)  in  the  pulse  ac 
sources. 


Figure  1 :  Configuration  of  multi-network  system  with  a 
phase  synchronizing  system. 


The  phase  synchronization  of  the  resonant  currents  ( Im ) 

is  performed  by  adjusting  the  slave  timing  with  respect  to 
the  master  timing  for  the  pulse  SCR  triggerings.  As 
shown  in  Fig.l,  a  mutiplier  and  low-pass  filter  detect  the 
phase  difference  between  the  master  and  slave  resonant 
currents.  The  phase  difference  is  converted  to  a  dynamic 
dc  voltage,  and  it  is  used  to  adjust  the  frequency  of  a 
voltage-controlled  oscillator  (VCO).  Since  the  slave 
timing  is  obtained  by  counting  the  VCO  pulses,  it  is 
regulated  automatically  by  feedback  to  achieve  a  close 
tracking  between  the  resonant  currents  ( Im )  of  the  two 
resonant  networks. 

2.2  Phase  Regulating  Circuit 

The  simplified  circuit  for  phase  regulation  is  shown  in 
Fig.2.  The  master  timing  is  utilized  as  the  synchronization 
clock  for  the  system  operation.  The  falling  edge  of  the 
master  timing  pulse  triggers  the  flip-flop  to  deliver  the 
enable  signal  to  start  the  counter.  The  VCO  frequency 
varies  with  the  changing  phase  difference  around  the 
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centre-frequency  set  by  a  bias  voltage.  Counting  the  VCO 
pulses  regulates  the  slave  timing. 


Phase  detector 
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filter 


Monostable 

multivibrator 
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timin' 


M  VCO 
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Counter 
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►I  Flip-flop 


Clear 


Qf 


Clear 


Figure  2:  Simplified  circuit  for  the  phase  regulation. 

Since  a  high  tracking  accuracy  between  the  master  and 
the  slave  is  required,  the  phase  detector  should  be 
sensitive  to  a  very  small  change  of  the  phase  difference 
( A q> ).  The  multiplier  phase  detector  is  adopted.  Taking 
into  account  the  phase  of  resonant  current  with  respect  to 
the  gating  signal  of  the  pulse  SCR,  we  choose  SO  the 
master  resonant  current  picked  by  a  CT  (current 
transformer)  but  SI  the  backleg  signal  of  the  slave 
magnet  load.  Thus  the  output  signal  from  the  low-  pass 
filter  depends  on  sin(A^) ,  which  is  approximated  as  A q> . 


Figure  3:  Time  diagram  of  the  phase  regulation  circuit. 

As  shown  in  Fig.3,  the  master  timing,  with  a  duty  factor 
of  50%,  triggers  the  negative-edge  flip-flop  to  give  the 
enable  signal  for  the  counter  to  start  counting  at  tO.  When 
the  counting  ends  at  tl,  the  falling  edge  of  Qc  produces  a 
one-shot  signal  Qm  that  is  used  as  the  slave  timing  and 
the  counting  is  disabled.  As  the  result,  the  slave  timing 
(rising  edge)  is  produced  either  leading  or  lagging  the 
master  timing  according  to  the  counting  duration  T  as 
illustrated  in  Fig.3. 


2.3  Parameters  and  Functions 

Basic  parameters  of  the  pulse  sources  and  the  resonant 
networks  are  given  below. 

Pulse  or  resonant  frequency,  fp :  50  Hz 
Energy-storage  capacitor,  Cj  :  23  /uF 
Filter  choke,  :  7  H 
Pulse  choke,  Lp  :  49  mH 
Magnet  inductance,  Lm  :  10  mH 
Resonant  capacitor,  Cm  :  1  mF 
Quality  value  of  resonant  network,  Q:  75. 

The  block  diagram  shown  in  Fig.  4  describes  the  system 
implementation  of  the  phase  adjustment. 


Figure  4:  Diagram  of  the  phase  adjustment  system. 

As  shown  in  the  figure,  A (p  is  the  phase  difference  of  the 
resonant  currents  (/m)  between  the  slave  and  master 
networks.  The  phase  of  the  pulse  current  (lp)  in  the 

slave  system  is  adjusted  dynamically  according  to  the 
variation  of  A <p  .  Since  the  phase  of  the  resonant  current 
is  dependent  on  triggering  timing  of  the  pulse  SCR 
around  the  resonant  frequency,  the  phase  of  the  resonant 
current  ( q>  )  in  the  slave  system  is  regulated  accordingly 

to  be  synchronized  with  the  master  phase  ( <p  ). 

The  phase  adjustment  is  realised  by  counting  the  VCO 
pulses  as  described  above.  The  VCO  centre  frequency  is 
given  by: 

fo=2fpN, 

where  fp  is  the  pulse  frequency  given  by  the  master 

timing,  N  =  216  is  the  counter  length  of  a  16-bit  counter. 
Both  the  phase  adjustment  and  the  pulse  &  resonant 
system  can  be  approximated  by  simple  proportional 
elements.  A  PI  (Proportional,  Integral)  regulator  can  be 
used  to  achieve  dc  stability  in  (p^ .  A  simple  proportional 

element  is  used  as  the  regulator  in  the  experiment. 

3  EXPERIMENTAL  RESULTS 

The  system  can  be  operated  in  free  or  feedback  mode.  In 
free  mode,  the  phase  of  the  slave  resonant  current  can  be 
adjusted  freely  by  changing  the  VCO  bias-voltage.  In 
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feedback  mode,  phase  regulation  and  synchronization  is 
carried  out  automatically  by  the  phase  feedback.  In  both 
modes,  reliable  operations  have  been  done.  With  phase 
feedback,  the  phase  synchronization  is  performed  with  a 
satisfied  accuracy  in  long-term. 


Figure  5(a):  Synchronized  resonant  currents,  2  ms/div. 

Figure  5(a)  is  a  photo  showing  the  synchronized  resonant 
currents  of  the  master  and  slave  networks.  The  phase 
difference  is  obtained  by  comparing  their  zero-cross 
signals  with  a  phase-comparator.  Figure  5(b)  gives  the 
phase-comparator  pulse.  In  Fig.  5(b),  we  recorded 
numerous  shots,  which  show  that  the  phases  are 
synchronized  within  1  ms  momentarily. 


Figure  5(b):  Phase  difference  pulse,  1  Ms/div. 

To  measure  the  long  term  precision  of  the  phase 
synchronization,  the  pulse-width  of  the  phase-comparator 
output  is  converted  to  a  voltage  level  by  an  integrator  - 
holder  circuit,  which  has  a  conversion  ratio  of  l«s/10mV. 
This  voltage  is  measured  with  a  multimeter  (Hp3458)  and 
recorded  with  Hp-VEE  via  Hp-IB  bus.  Figure  6  gives  the 
result  measured  during  8-hours  (1  measurement  /4second, 
7200  measurements  in  total).  In  the  measurement,  the 


slave  timing  is  shifted  about  2  ms  intentionally  so  that  the 
full  variation  of  the  phase  difference  can  be  viewed. 


Figure  6:  Result  of  the  long-term  precision  of  the  phase 
synchronization,  phase  difference:  0.5  Ms/div. 

The  experiment  has  shown  that  a  high  precision  of  the 
phase  synchronization  is  achieved  and  the  variation  of 
phase  difference  is  kept  within  about  3  ms  in  the  50  Hz 
resonant  system.  If  applied  to  25  Hz  system,  a  precision 
less  than  6  ms,  which  is  equivalent  to  0.94  mrad,  can  be 
expected. 


4  CONCLUSIONS 

This  experimental  study  shows  that  using  a  pulse  power 
supply  is  still  feasible  to  achieve  a  high  tracking  accuracy 
in  rapid-cycling  synchrotrons  with  separated-function.  In 
the  experiment,  the  phase  synchronization  almost  reached 
the  accuracy  required  by  the  JHF  booster  design.  In  the 
same  time,  new  concept  of  ac  power  sources,  e.g. 
BESSY-II  type  [2],  is  also  expected  to  apply  in  the  JHF 
booster  synchrotron  to  avoid  the  intrinsic  disadvantages 
of  pulse  ac  sources.  An  IGBT  inverter  of  the  BESSY-II 
type  to  power  the  White  circuit  is  under  development. 
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General  Atomics,  San  Diego,  CA  92186-5608  USA 


Abstract 

To  meet  the  klystron  power  supply  requirements  for  the 
Accelerator  for  the  Production  of  Tritium  (APT),  a  DC 
power  distribution  system  with  a  modem  DC-DC 
switching  power  supply  is  proposed  as  one  of  the  options. 
One  power  supply  is  required  for  each  of  the 
approximately  250  continuous  wave  klystron  RF  power 
sources.  As  the  power  supplies  are  one  of  the  largest  cost 
elements  in  the  accelerator,  it  is  desirable  to  utilize  the 
most  economical  design.  This  proposed  advanced  buck 
converter  high  voltage  power  supply  (ABCPS)  does  not 
require  large  transformers  to  step-up  the  output  voltage 
and  is  potentially  the  lowest  cost  power  supply  approach. 
The  power  supply  must  meet  the  APT  requirements  for 
output  performance,  fault  protection  for  the  klystron,  high 
efficiency,  high  reliability,  good  maintainability,  and  be 
readily  manufacturable.  A  full-scale  prototype  power 
supply  is  being  designed  and  fabricated.  The  progress  of 
the  prototype  design,  performance  validation,  and  testing 
follows. 

1  INTRODUCTION 

The  proposed  1700  MeV  APT  proton  accelerator  design 
would  utilize  three  standard  350  megahertz  (MHz) 
klystron  RF  sources  to  drive  the  RF  quadrupole.  There 
would  be  two  hundred  and  forty  one  700  MHz  klystron  RF 
sources  to  power  the  normal  temperature  low-energy  linac 
and  the  super-conducting  radio  frequency  cavities  in  the 
high  energy  linac.  One  high  voltage  power  supply  (HVPS) 
is  required  for  each  of  the  244-klystron  RF  power  sources. 
Two  megawatt  DC  power  supplies  rated  for  95  kilovolts 
(kV)  at  21  amperes  (A)  DC  are  planned  throughout  for 
commonality. 

2  ABCPS  ADVANTAGE 

The  DC-DC  switch-mode  ABCPS  is  basically  a 
transformer-less  power  supply  design  and  no  large 
magnetic  cores  are  used.  Removing  the  expensive  high 
voltage  step-up  rectifier  transformer  normally  present  in 
other  designs  produces  a  lower  cost  approach  to  satisfy  all 
APT  plant  requirements.  The  APT  utility  distribution 
system  becomes  a  common  DC  distribution  bus  to  feed  the 
ABCPS  (Figure  1).  This  design  combines  the  HVPS 
isolation  and  rectification,  with  the  utility  distribution  and 
eliminates  one  or  more  levels  of  voltage  transformation. 


Figure  1:  ABCPS  DC  distribution  system  for  APT 

The  ABCPS  buck-regulator  topology  is  potentially  the 
most  efficient  because  the  converter  is  basically  a  low  loss 
IGBT  switch.  A  circuit  schematic  of  a  single  ABCPS  is 
shown  in  Fig.  2.  The  raw  HVDC  input  is  switched  at 
approximately  18  kilohertz  by  the  HV  IGBT  switch  and 
charges  the  output  capacitor  through  a  switching  inductor. 
A  freewheeling  diode  (FWD)  transfers  the  inductor  energy 
into  the  output  capacitor  (Cl)  during  the  IGBT  switch  off 
time.  The  circuit  operates  in  the  discontinuous  current 
mode.  Almost  all  the  switching  circuit  energy  and  the 
IGBT  snubber  circuit  energy  are  recovered. 

An  independent  reliability,  availability,  maintainability, 
and  inspectability  (RAMI)  analysis  has  estimated  a  MTBF 
of  80,000  hours.  With  periodic  preventive  maintenance 
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this  can  increase  to  200,000  hours.  The  ABCPS  high 
voltage  components  are  modular  in  design  with  plug-in 
circuit  cards  to  produce  a  highly  maintainable  system.  The 
majority  of  the  HVPS  components  are  standard  off-the- 
shelf  parts.  This  manufacturing  approach  reduces  cost  and 
procurement  lead-time.  The  entire  switch  assembly  can  be 
bench  manufactured  without  the  use  of  special 
manufacturing  or  heavy  assembly  equipment.  This  also 
reduces  cost  and  improves  manufacturability.  The 
packaging  foot  print  for  this  HVPS  system  is  smaller  than 
other  power  supply  designs. 


Programmable  Logic  Controller  (PIC)  Interface 


Figure  2:  ABCPS  schematic 

3  ABCPS  DESIGN 

The  topology  of  this  switching  power  supply  is  a  DC  to 
DC  buck  converter,  which  adjusts  and  regulates  the 
applied  voltage  to  one  klystron.  There  are  three  major 
subassemblies  in  the  HVPS  enclosure.  The  first  section  is 
a  control  system  that  includes  a  pulse  width  modulated 
(PWM)  voltage  regulator  and  overload  protection  circuit 
card,  eight  12-channel  fiber-optic  gate  drive  transmitter- 
receiver  circuit  cards,  and  a  programmable  logic  controller 
(PLC)  interface. 

The  second  section  contains  the  high  voltage  IGBT 
switch  assembly,  freewheeling  diodes  (FWD),  switching 
inductor  (LI),  and  IGBT  gate  drive  power  isolation 
circuitry  (Figure  3).  All  these  components  are  subject  to 
the  high  frequency  chopping  waveforms  and  peak  voltage 
stress.  To  satisfy  thermal  cooling  needs  for  continuous 
operation  and  assist  long  term  reliability  these  components 
are  installed  in  an  oil  tank  filled  with  Dow  Corning®™ 
silicone  fluid  561™.  The  oil  tank  has  two  oil-to-water  heat 
exchangers  to  transfer  the  10  kilowatts  of  heat  dissipation 
at  full  load  into  the  APT  plant  cooling  system.  All 
subassembly  validation  testing  was  performed  in  air.  The 
IGBT  and  FWD  circuit  cards  are  plug-in  cards  and  are 
quickly  accessed  through  a  service  cover  on  top  of  the  oil 


tank.  There  are  24  IGBT  modules  and  6  FWD  modules 
(Figures  4  &  5)  in  the  full  scale  HVPS. 


.TANK  COVER 


ACCESS  COVER 


Figure  3:  IGBT  switch  oil  tank  assembly 


6  each 

Freewheeling 
Diode  PCB 


24  each 
IGBT  Switch 
Plate  PCB 


Switch  Box 
Subassembly 


Figure  4:  IGBT  switch  card  cage  assembly 


There  are  48  fiber-optic  IGBT  gate  up  links,  and  48 
fiber-optic  IGBT  data  down  links.  Four  fiber-optic  cables 
are  needed  per  IGBT  module  (Figure  5).  The  fiber-optic 
cables  provide  high  voltage  signal  isolation  and  connect 
directly  between  the  IGBT  switch  modules  and 
transmitter-receiver  circuit  cards.  The  fiber-optic  cables 
are  color  coded  for  ease  of  assembly. 

The  third  section  is  the  output  ripple  filter  and  fault 
energy  snubber  and  current  bleed  resistors.  The  ripple 
filter  is  tuned  for  optimum  ripple  reduction  while  the  filter 
capacitor  size  is  kept  to  a  minimum.  All  the  HVPS 
inductors  are  single  layer  wound  air-core  coils.  Computer 
PSpice®™  analysis  indicates  less  than  100  volts  peak-to- 
peak  output  ripple  at  full  load. 

The  output  snubber  is  designed  to  limit  instantaneous 
fault  energy  from  being  deposited  into  the  klystron  load 
during  operation  when  the  klystron  arcs  internally. 
Analysis  of  the  output  snubber  indicates  there  will  be  less 
than  10  joules  deposited  into  the  klystron  during  a  tube 
fault.  Once  the  fault  is  detected,  the  IGBT  switch  can 
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operate  in  less  than  one  microsecond  to  protect  the 
klystron.  The  high  speed  IGBT  switch  will  provide  fast 
voltage  regulation  and  control.  Individual  primary  high 
voltage  fast  acting  fuses  will  be  used  for  back-up  power 
supply  and  klystron  load  protection. 


Figure  5:  IGBT  switch  plug-in  module 


The  current  bleed  resistor  (Rl,  Figure  2)  value  is 
directly  related  to  the  minimum  no  load  output  voltage 
since  it  is  the  lower  end  resistor  in  a  resistive  voltage 
divider.  The  upper  end  resistor  being  the  leakage 
resistance  of  the  non-conducting  IGBT  switch. 

The  120-kilovolt  IGBT  switch  assembly  is  a  string  of 
144  series  connected  IGBTs  in  parallel  with  another 
identical  string  of  144  IGBTs  to  provide  redundancy.  Each 
IGBT  string  has  independent  gate  drive  power  and  signals. 
Because  uniform  voltage  sharing  is  critical  under  all 
operating  conditions,  each  IGBT  has  forced  voltage 
sharing  and  transient  snubbing.  Twelve  IGBTs  along  with 
their  heat  sinks,  and  gate  circuits  are  contained  on  one 
plug-in  circuit  board.  Each  IGBT  module  is  designed  for 
normal  operation  at  4,800  volts.  The  1,200- volt  rated 
IGBTs  operate  at  800  volts.  Six  in  series  provides  4,800 


volts  per  board.  Each  board  has  been  tested  to  a 
maximum  voltage  level  of  7,000  volts. 

4  TESTING  AND  DESIGN  VALIDATIONS 

All  subassembly  testing  to  date  has  been  in  air.  Single 
IGBT  module  testing  at  full  voltage,  full  current,  and  full 
thermal  power  were  conducted  with  forced  air-cooling. 
The  IGBT  module  switch  design  has  proved  it  is  capable 
of  handling  more  than  105  kilowatts.  So  far  four  modules 
have  been  operated  in  series.  These  were  connected  in  a 
high  power  pulse  mode  circuit.  They  were  tested  above 
their  design  ratings  to  7  kilovolts  and  50  amperes.  All 
IGBTs  uniformly  switched  on  and  off.  Their  turn  on  time 
is  approximately  150  nanoseconds.  The  minimum  pulse 
width  capability  of  this  IGBT  switch  module  is  between  1 
and  2  microseconds.  To  date  no  problems  have  been 
encountered  that  would  require  a  change  in  the  design. 
Each  circuit  board  has  been  tested  and  the  results  validate 
the  design  goals.  The  final  construction  of  the  full-scale 
prototype  power  supply  is  in  progress. 

5  APT  HVPS  OUTPUT 
CHARACTERISTICS 

Output  DC  voltage:  Continuously  variable-  4  to  -  95  kV 
Output  DC  polarity:  Negative  with  respect  to  ground 
Output  voltage  set-point  accuracy:  ±  400  V 
Output  voltage  rate  of  increase:  10  kV  /  second  max. 
Output  current  rate  of  increase:  200  A  /  second  max. 
Regulation  range:  10  -  95  kV 
Regulation  requirements  (line  &  load):  +  400  V  max. 
Ripple  @  any  60  Hz  harmonic:  800  V  peak-to-peak  max. 
Total  ripple  (all  causes):  1 100  V  peak-to-peak  max. 
Voltage  stability:  ±  0.4%  max. 

Output  DC  current:  0  -  21  A 
Load  fault  protection:  40  joules  max. 

6  REFERENCES 

[1]  Linac98  conference  paper  No.LA-UR-98-3613  “Advanced  Buck 
Converter  Power  Supply  “ABCPS”  for  APT”,  by  R.  Street,  T.  Overett, 
Ed  Bowles 

[2]  Linac98  conference  paper  No.LA-UR-98-3518  “Overview  of  the 
APT  RF  Power  Distribution  System”,  by  M.  McCarthy  ,  T.  Overett,  G. 
Spalek,  J.  Tooker 


3757 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


TESTING  OF  A  RASTER  MAGNET  SYSTEM  FOR 
EXPANDING  THE  APT  PROTON  BEAM  * 

S.  Chapelle,  T.  L.  Smith,  General  Atomics,  San  Diego,  CA 
D.  J.  LeBon,  M.  E.  Schulze*,  R.  E.  Shafer,  General  Atomics,  Los  Alamos,  NM 


Abstract 

A  method  of  expanding  the  1700  MeV,  100  mA  proton 
beam  of  the  APT  linear  accelerator  onto  the  19  by  190  cm 
target  has  been  devised  using  eight  ferrite  dipole  magnets. 
These  magnets  deflect  the  beam  in  the  x  and  y-plane,  and 
thereby  paint  the  target  area  uniformly  with  a  rastered 
pattern.  Insulated  Gate  Bipolar  Transistor  (IGBT)-based 
power  modulators  drive  the  raster  magnets  with  triangular 
current  waveforms  that  are  synchronized  using  voltage 
controlled  crystal  oscillators  and  phase-locked  loops 
(PLLs).  Redundant  fault  detection  circuits  monitor  both 
the  ac  magnet  currents  and  magnetic  fields  to  ensure 
proper  operation.  This  paper  presents  the  test  results  taken 
on  an  integrated  prototype  system  including  eight 
magnets,  the  associated  modulators,  the  master  clock  and 
the  fault  detection  circuitry. 

1  BACKGROUND 

A  raster-type  beam  expander  system,  originally 
described  in  Ref.  [1,2],  has  been  built  and  the  integrated 
system  has  been  tested.  The  full  prototype  system  allows 
evaluation  of  several  aspects  of  the  system-level  operation 
which  include  interactions  between  the  eight  magnets  and 
their  power  modulators  and  the  ability  of  the  fault 
detection  circuitry  to  independently  detect  problems  with 
the  raster  system.  Fig.  1  shows  the  raster  magnets  as  they 
fit  into  the  high  energy  beam  transport  (HEBT)  portion  of 
the  APT  Linac. 

_  ...  ...  Matching  8  Raster  magnets  Final  quad  Beam 

Doublet  lattice  .  a  a 

quads  4x,4y  doublet  to  target 

||  u  m  ■■■■■■■■ — H— 

Figure  1 :  Raster  magnets  in  HEBT 

2  SYSTEM  DESCRIPTION 

The  block  diagram  of  the  Raster  Magnet  System  shown 
in  Fig.  2  consists  of  the  1)  IGBT  modulator,  2)  master 
clock,  3)  raster  magnet  and  4)  fault  detection  circuitry. 

2.1  IGBT  Modulator 

The  IGBT  modulator  consists  of  an  ac/dc  converter,  a 
capacitor  bank,  and  an  IGBT  H-bridge  with  a  gate  driver 
board.  The  modulator  circuit  is  shown  schematically  in 
Fig.  3.  Each  modulator  is  powered  by  uninterruptible 
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Figure  2:  Raster  system 

power  to  prevent  a  common  mode  failure  due  to  the  loss 
of  ac  input  voltage.  The  ac/dc  converter  charges  up  and 
maintains  a  constant  voltage  on  the  capacitor  bank.  The 
dc  output  voltage  of  the  ac/dc  converter  is  determined  by 
the  rastering  frequency  and  the  raster  magnet  inductance 
(V  =  L  *dl/dt). 

The  dc  capacitor  bank  exchanges  reactive  power  with 
the  magnet  on  a  1  kHz  time  scale  (twice  per  cycle).  The 
IGBT  H-bridge  controls  the  transfer  of  charge  back  and 
forth  between  the  capacitor  bank  and  the  magnet.  The 
diodes  across  each  switch,  referred  to  as  freewheel 
diodes,  recover  the  stored  magnetic  energy. 


(b) 

Figure  3:  (a)  IGBT  modulator  schematic  and 
(b)  PLL/IGBT  gate  drive  circuitry. 
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The  square  wave  drive  voltage  of  the  modulator’s 
H-bridge  and  the  resulting  triangular  current  waveform  in 
the  magnet  are  shown  on  the  next  page.  Each  modulator 
is  rack  mounted  with  its  associated  ac/dc  power  supply  as 
shown  in  Fig.  4.  Verification  of  rms  output  current  and 
the  output  frequency  are  displayed  on  digital  meters  on 
the  front  panel. 


Figure  4:  Photo  of  one  modulator  and  ac/dc  converter 

Each  modulator  gets  its  timing  signal  from  the  master 
clock  described  in  the  next  section.  Each  of  the 
modulators  has  a  PLL/IGBT  gate  driver  board  that  will, 
using  a  crystal-controlled  phase-locked  loop,  synchronize 
itself  to  the  master  clock,  or  else  if  the  master  clock  fails, 
is  able  to  produce  its  own  clock  so  that  the  beam 
continues  to  be  rastered  onto  the  target.  The  phaselock 
circuit  is  sequential,  rather  than  an  analog  type,  and  the 
phaselock  is  accurate  to  better  than  ±100  ns.  This 
arrangement  is  shown  in  Fig.  3.  Such  a  design  approach  is 
used  to  preclude  a  common  mode  failure  that  might  cause 
damage  to  the  target  blanket.  The  actual  hardware 
consists  of  a  printed  circuit  card  that  is  mounted  inside  the 
modulator  enclosure  in  order  to  keep  the  IGBT  gate  leads 
as  short  as  possible,  and  thereby  to  minimize  the  drive 
inductance. 

2.2  Master  Clock 

The  master  clock  produces  two  different  frequencies, 
one  for  the  four  x-plane  magnets  and  a  second  for  the 
four  y-plane  magnets.  The  frequency  reference  is  a  1.024 
MHz  crystal  oscillator,  identical  to  those  used  in  each 
modulator.  The  choice  of  x  and  y  rastering  frequencies, 
508.44  and  573.35  Hz  (47/53  ratio)  was  made  to  avoid 
beat  patterns  and  provide  uniform  beam  distribution  on 
the  target.  The  master  clock  hardware  includes  on-card 
fault  check  circuitry  that  monitors  the  clocks  to  notify  the 
user  of  a  fault.  AC  power  provided  to  the  assembly  comes 
from  a  UPS,  separate  from  any  ac  power  supplied  to  the 
modulators,  to  preclude  a  single  point  failure. 

2.3  Raster  Magnet 

The  raster  magnets  are  ferrite,  30-cm  long  with  an  8- 
cm  square  aperture.  The  magnets  use  Ceramic  Magnetics 
CMD5005  Hi-mii,  low  loss  ferrite.  This  is  a  nickel-zinc 
material  with  a  permeability  of  4500  *  |io  H/m  at 


1500  Gauss.  The  magnet  has  an  inductance  of  1.4  mH 
and  a  field  of  620  Gauss  at  100  A. 

A  ceramic  (alumina)  beam  tube  is  required  inside  the 
raster  magnets  in  order  to  eliminate  the  eddy  currents  due 
to  rastering.  The  ceramic  tube  has  a  conducting  surface, 
about  one  skin  depth  thick,  on  the  inside  to  shield  the  rf 
field  of  the  350  MHz  proton  beam  and  to  conduct  the 
liberated  charge  from  residual  gas  ionization. 

The  effect  of  a  metallic  layer  on  the  magnetic  field  was 
tested  with  a  1-mil  (25-micron)  SS304  nonmagnetic 
stainless  steel  tube  (2.75”D),  with  a  resistivity  of 
77  pohm-cm.  The  tests  were  performed  with  a  620  Gauss 
peak  field  at  500  Hz.  Test  results  for  the  power 
dissipation  and  the  dB/dt  risetime  inside  the  tube  agreed 
with  the  following  equations  for  power  loss  and  risetime: 

n  jctta^fdB'f 
P  = - 1  —  I  =  24  watts,  and 


> <*  / 
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2  gsec  (95%  risetime) , 


where  /  is  the  raster  magnet  effective  length  (35  cm),  t  is 
the  foil  thickness  (1  mil),  a  is  the  beam  tube  inside  radius 
(1.375”),  dB/dt  =  124T/s,  and  p  =  77  pohm-cm.  This 
verifies  that  the  rf  beam  shield  will  not  significantly 
affect  the  raster  magnet  dB/dt  risetime  inside  the  ceramic 
tube,  and  that  the  eddy  current  heating  can  be  convection- 
cooled  (does  not  need  active  cooling). 


2.4  Fault  Detection  Circuit 

The  beam  can  not  be  allowed  to  stop  sweeping  across 
the  target.  Four  independent  fault  detection  circuits,  two 
using  dB/dt  (B-dot)  and  two  using  dl/dT  (I-dot)  sensors 
on  each  magnet  monitor  proper  operation  of  the  raster 
pattern.  If  a  failure  is  detected,  the  fault  detection  circuit 
removes  the  beam  enable  from  the  Linac,  thus  shutting 
down  the  beam  until  repairs  can  be  made. 

The  16  B-dot  and  16  I-dot  signals  (square  waves)  are 
monitored  in  four  completely  independent  fault  detection 
circuits.  Each  of  these  four  circuits  removes  the  beam 
enable  signal  from  one  of  the  four  divisions  of  the  fault 
detection  circuitry  if  it  detects  a  fault.  The  beam  is  shut 
off  if  two  or  more  of  the  four  beam  enable  signals  are 
missing. 


3  TEST  RESULTS 

The  primary  raster  waveforms  as'  measured  in  an 
oscilloscope  are  shown  in  Fig.  5.  Spikes  in  the  modulator 
voltage  are  caused  by  the  unavoidable  stray  inductances 
being  switched  by  the  IGBTs  in  the  modulator.  Because 
of  the  freewheeling  diodes,  the  modulator  efficiently 
converts  dc  input  power  to  reactive  magnet  power  as 
shown  in  Fig.  6.  As  an  example,  at  500  Hz,  32  kVA 
reactive  power  requires  only  850  W  of  real  input  power 
(100  A  peak,  620  Gauss).  Power  loss  contributions  come 
from  the  modulator,  the  cabling,  and  the  raster  magnet  as 
follows: 
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Eddy  currents  in  magnet  coil  350  W 

Resistive  loss  in  magnet  coil  180  W 

Voltage  drop  in  IGBTs/diodes  175  W 

Resistive  loss  in  50-foot  cable  65  W 


Other  (hysteresis  in  ferrite,  snubber,  etc)  80  W 


Figure  5:  Measured  waveform  of  modulator 
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Figure  6:  Modulator  data  of  reactive  versus  real  power 

As  a  pair,  the  magnet  and  modulator  performance  test 
results  (Fig.  7)  show  that  the  achievable  B-field  is  more 
than  sufficient  for  the  APT  requirements  of  140-260  G 
and  500-600  Hz. 

Figure  8  shows  the  x-y  raster  pattern  produced  by 
summing  the  x  and  y  raster  magnet  current  waveforms. 
There  is  good  agreement  between  the  simulated  pattern 
and  the  actual  measured  pattern.  The  distortion  in  the 
pattern  is  due  to  the  L/R  droop  of  the  magnets  causing  a 
slight  curvature  in  the  triangular  current  waveform. 
Simulations  show  that  the  uniformity  of  the  beam 
distribution  in  the  19  cm(h)  by  190  cm(v)  raster  pattern  is 
about +1%  with  a  l-cm(h)  by  2-cm(v)  rms  beam  spot. 

The  final  tests  involve  the  response  of  the  fault 
detection  circuitry  to  either  a  loss  of  a  modulator/magnet 
unit  or  the  loss  of  the  master  clock.  When  a  modulator 
fails,  the  summed  B-dot  pattern  reduces  in  amplitude  by 
25%  in  either  x  or  y.  More  interesting  is  the  loss  of  the 
master  clock,  because  the  square  wave  slowly  evolves 
into  a  staircase  over  many  seconds  as  the  voltage 
controlled  crystal  oscillators  in  each  modulator  drift  out 
of  synchronization. 
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Figure  7:  Max  B  field  of  magnet  vs.  modulator  dc  voltage 


Figure  8:  Simulated  (1)  and  real  (r)  raster  patterns 


Figure  9:  Summed  B-dot  signal  showing 
loss  of  PLL  synchronization 

4  FUTURE  WORK 

System  reliability  and  power  consumption  can  both  be 
improved  by  replacing  the  water-cooled  hollow  copper 
magnet  coil  with  a  stranded  Litz  wire  coil.  This  will 
eliminate  the  water  cooling  circuits  (and  interlocks),  and 
substantially  reduce  the  eddy  current  power  loss. 
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Abstract 

A  +/-700  volt,+/-350  amp  switchmode  power  supply  has 
been  developed  for  Fermilab  Main  Injector  Sextupole 
Correction  System.  The  four  quadrant  operation  is 
accomplished  by  using  four  IGBTs  in  an  H-bridge 
configuration  with  a  switching  frequency  of  10  KHz. 
Current  regulation  bandwidth  of  300  Hz  is  achieved  with 
stability  better  than  250  ppm  of  rated  current  by  using  a 
high  precision  current  transducer.  The  H-bridge  outputs 
are  filtered  resulting  in  a  maximum  output  voltage  ripple 
of  2.5  volts  peak  to  peak.  The  power  supply  has  power 
conversion  efficiency  better  than  80%  and  works  at  near 
unity  power  factor  throughout  its  operation.  The  critical 
considerations  involved  in  this  power  supply  are  low 
inductance  bus  plate  and  snubber  design,  selection  and 
thermal  management  of  IGBTs,  IGBT  gate  drive,  PWM 
output  filtering,  and  fiber  optic  controls.  The  paper  will 
discuss  the  design  and  performance  of  the  power  supply. 

1  INTRODUCTION 

The  Fermilab  Main  Injector  Sextupole  Correction  System 
consists  of  a  horizontal  and  a  vertical  ring  for  chromaticity 
compensation[l]  [4]  to  achieve  high  intensity  stable  beam 
during  8.9  GeV/c  to  150  GeV/c  proton  and  anti-proton 
acceleration  and  deceleration.  Each  ring  is  constructed  of 
54  sextupole  magnets  connected  in  series  and  powered  by 
a  four  quadrant  250 KW  switchmode  power  supply.  The 
Sextupole  system  requires  operating  current  between  -25 
amps  and  350  amps  with  a  current  step  as  high  as  40 
amps  in  10  ms  at  20.5  GeV  transition  (25  amps).  The 
system  also  requires  8-hour  DC  current  stability  at 
injection  level  (0-20A)  to  be  better  than  +/-25mA.  Regular 
thyristor  type  power  supplies  are  not  suitable  for  this 
application  because  of  bandwidth  and  bipolar  current 
operation  requirements.  The  successful  development  of  a 
four  quadrant  2 KW  switchmode  power  supply  using 
MOSFETs[2]  at  Fermilab  motivated  us  to  investigate  the 
H-bridge  switching  topology  by  using  IGBTs  for  much 
higher  power  level  switching.  Recent  technology 
developments  in  high  power  and  fast  switching  IGBT 
technology  have  made  our  design  become  practical.  Three 
units  of  the  four  quadrant  250AW  switching  power 
supplies  with  voltage  output  of  +/-700  volts  and 
capability  of  driving  +/-  350  amps  current  have  been 
developed  and  built  for  the  project. 

*  Operated  by  the  University  Research  Association  Inc.,  Under  contract 
No.  DE-AC02-76CH03000  with  the  U.S.  Department  of  Energy. 
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2  POWER  SUPPLY  DESIGN 

2.1  Power  supply  Circuit 

Figure  1  shows  the  circuit  diagram  for  the  power  supply. 
The  H-bridge  is  constructed  of  four  IGBT  switches  SI,  S2, 
S3,  and  S4.  The  pulse  width  modulated  (PWM)  output  of 
the  positive  half  bridge  (SI  and  S2 )  is  filtered  by  the  top 
filter  and  the  output  of  the  negative  half  bridge  (S3  and 
S4)  is  filtered  by  the  bottom  filter.  The  voltage  difference 
between  the  two  filtered  outputs  is  the  voltage  output  of 
the  power  supply. 

The  switching  pattern  of  the  IGBTs  is  also  shown  in 
Fig.  1.  The  summation  of  the  duty  factor  of  SI  and  S3  is 
always  unity.  For  a  given  SI  duty  factor  of  DF1  and  H- 
bridge  DC  input  voltage  of  Vin,  the  voltage  at  the  top 
filter  output  will  be  DFl*Vin  and  the  voltage  at  the 
bottom  filter  output  will  be  (l-DFl)*Vin.  The  power 
supply  output  voltage  will  be  (2*DFl-l)*Vin  with  a  ripple 
frequency  twice  the  10  KHz  switching  frequency.  The 
power  supply  will  have  zero  volt  output  when  IGBTs  are 
switching  at  50%  duty  cycle.  The  power  supply  output 
voltage  can  be  controlled  by  varying  the  duty  factor  DF1. 

The  800  volt  H-bridge  DC  input  voltage  Vin  is  derived 
from  a  12-pulse  diode  rectifier.  The  rectifier  filter  is  a 
Praeg  filter[3]  with  the  second  order  roll-off  frequency  at 
60  Hz.  The  capacitor  banks  are  sized  to  absorb  the  energy 
returned  from  the  inductive  load  (160  mH  and  1.55  ohms) 
at  350  amps  during  a  trip  condition.  The  18.2mF  total 
capacitance  at  the  rectifier  output  limits  the  transient 
voltage  to  1.2  KV  in  the  worst  case.  A  9  pH  cable 
inductance  was  added  to  limit  the  amount  of  high 
frequency  current  through  the  low  frequency  capacitor 
banks  (  4.5mF  and  13.5  mF  ),  and  thus  avoid  capacitor 
over-heating.  Most  of  the  high  frequency  current  goes 
through  the  224  pF  high  frequency  capacitor  bank. 
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2.  2  Low  Inductance  Bus  Plate  and  Snubber  Design 

The  energy  stored  in  the  bus  parasitic  inductance  causes 
transient  voltages  during  IGBTs  switching.  The  224  |iF 
high  frequency  capacitor  bank  consists  of  40  capacitors 
each  rated  at  5.6(J.F/1.5KV.  Each  capacitor  has  low  ESL 
(23  nH)  and  is  rated  35  amps  RMS  current  at  60  °C.  These 
capacitors  are  connected  in  parallel  and  distributed  around 
the  four  IGBTs.  The  IGBTs,  high  frequency  capacitors, 
and  bus  connections  are  packaged  in  a  laminated  bus 
structure  to  reduce  the  bus  parasitic  inductance.  The 
laminated  bus  structure  is  constructed  using  1/8”  copper 
plates  with  1/8”  thick  G-10  sheet  for  insulation  layers.  The 
bus  equivalent  parasitic  inductance  has  been  reduced  to 
about  15  nH. 

A  Snubber  circuit  (Fig.  2)  is  used  to  limit  surge 
voltages  during  high  power  and  high  frequency  switching. 
Snubber  capacitor  Cs  is  charged  to  DC  bus  voltage  Vin 
through  Rs.  When  IGBT  SI  turns  off,  parasitic  inductance 
in  the  DC  bus  causes  a  transient  voltage  across  SI.  The 
snubber  diode  Ds  turns  on  and  diverts  the  energy  stored  in 
the  parasitic  bus  inductance  into  the  snubber  capacitor  Cs 
as  soon  as  the  voltage  exceeds  the  DC  bus  voltage. 

A  surge  voltage  similar  to  the  turn-off  surge  can  occur 
when  the  free-wheeling  diode  recovers.  Assume  that  the 
lower  IGBT  52  in  Fig.  2  is  off  and  the  load  current  II  is 
circulating  through  the  free-wheeling  diode  of  the  upper 

IGBT.  When  the  lower 
device  turns  on,  the 
current  in  the  free¬ 
wheeling  diode  of  the 
upper  IGBT  decreases 
as  the  load  current 
begins  to  commutate  to 
the  lower  IGBT  and 
becomes  negative 
during  reverse 

recovery  of  the  free¬ 
wheeling  diode.  When 
the  free-wheeling  diode  recovers,  the  current  in  the  bus 
quickly  decreases  to  zero  resulting  in  a  transient  similar  to 
turn-off  operation.  Cs  and  Rs  can  be  calculated  using  bus 
parasitic  inductance  Ls,  allowable  DC  bus  voltage 
overshoot  AV,  maximum  operating  current  /,  and  the 
switching  frequency  /  (Fig.  2).  By  using  the  low 
inductance  bus  plate  and  snubber  design,  the  IGBT 
transient  voltage  overshoot  is  less  than  5%  at  Vin  of  800 
volts  and  IL  of  350  amps. 

2.3  IGBT  Selection  and  Thermal  Management 

We  selected  the  Eupec  FZ  1.6KV/1.2KA  IGBT  for 
this  project  because  its  voltage  rating  was  adequate  (more 
than  75%  above  the  DC  supply  voltage)  and  because  its 
switching  characteristics  allowed  us  to  use  it  without 
paralleling  devices  and  to  still  maintain  reasonable 
junction  temperatures.  Temperature  problems  with  other 
devices  early  in  the  development  led  us  to  carefully 


evaluate  dissipation  in  the  IGBT.  Due  to  the  difficulty  of 
measuring  currents  in  our  low-inductance  structures,  we 
made  our  dissipation  measurements  using  calorimetry.  We 
determined  that  the  IGBT  dissipation  was  2.4  KW  while 
switching  350  amps  at  800  volts  at  10  KHz  with  a  90% 
DF.  This  compared  nicely  to  the  2.6  KW  number 
calculated  from  the  data  sheet.  We  also  measured  the 
thermal  impedance  of  the  IGBT  baseplate  with  respect  to 
inlet  water  temperature  while  mounted  on  the  Eupec  heat 
sink.  The  result  was  a  rise  of  10  °C/KW.  These  results  lead 
to  a  calculated  maximum  junction  temperature  of  98  °C 
with  inlet  water  of  35  °C. 

We  normally  design  systems  to  maintain  junction 
temperature  below  80  °C  for  optimum  reliability.  In  this 
case  we  accepted  the  slightly  elevated  levels  as  a  trade-off 
to  developing  a  circuit  with  paralleled  devices.  We  had 
also  lowered  our  switching  frequency  from  30  KHz  to  10 
KHz  in  order  to  make  the  single  device  structure 
realizable. 

2.4  IGBT  Gate  Drive 

The  IGBT  gate  drive  is  built  with  a  Concept  drive  (IGD- 
515EI)  and  is  capable  of  driving  IGBT  gate  with  +/-  15  V 
and  a  peak  current  of  +/-15  amps.  Very  low  input  to 
output  isolation  capacitance  (<  10  pF)  with  fiber  optic 
controls  are  essential  for  eliminating  noise  problems 
caused  by  ground  loops  and  capacitive  coupling  in  the 
rapid  turn-on  and  turn-off  environment.  The  gate  drive  has 
an  IGBT  over  current  protection  circuit  to  turn  off  the 
IGBT  in  less  than  8  p.s  in  case  of  IGBT  over  current. 

2.5  EMI/RFI  Shielding 

A  disadvantage  of  switchmode  power  supplies  is  the 
generation  of  EMI/RFI  noise.  In  order  to  control  the 
radiated  noise  at  a  minimum  acceptable  level,  a  V2”  wall 
aluminum  enclosure  is  used  to  shield  the  entire  high 
power  and  high  frequency  switching  circuits.  Primary  and 
secondary  shields  were  installed  in  the  power  transformer 
with  the  secondary  shield  tied  to  the  aluminum  shielding 
enclosure.  The  shielding  enclosure  is  mounted  within  and 
isolated  from  the  power  supply  cabinet.  A  single  point 
ground  is  used  for  safety  purpose  (Fig.  1).  The  primary 
shield  in  the  transformer  reduces  EMI/RFI  from  feeding 
back  into  the  480  lines.  Additional  line  filtering  further 
attenuates  the  noise.  Fiber  optic  links  are  used  for  control 
and  status  read  back  between  control  electronics  and  the 
shielded  high  power  switching  circuits. 

2.6  H -Bridge  Output  Filtering 

The  H-bridge  output  is  filtered  by  a  second  order  damped 
filter.  The  filter  has  -3dB  roll-off  frequency  at  800  Hz 
with  additional  10  KHz  and  20  KHz  traps.  The  filter 
reduces  the  peak  to  peak  ripple  voltage  to  2.5  volts  (Fig. 
6).  This  meets  our  specification  for  both  load  ripple  and 
radiated  energy  from  tunnel  cables. 
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3  PERFORMANCE 

Preliminary  tests  were  conducted  on  the  power  supply 
with  the  Main  Injector  Sextupole  ring.  The  current  slew 
rate  of  the  power  supply  was  limited  at  4000  A/Sec. 
Figure  3  shows  the  power  supply  current  and  voltage 
during  a  typical  ramp  with  bipolar  current  operation  (-25 
to  350  amps)  and  4000A/Sec  current  step  at  transition. 

The  current  loop  frequency  response  was  tested  as 
indicated  in  Fig  4.  Current  regulation  bandwidth  has  been 
achieved  at  300  Hz.  The  DC  current  8-hour  stability  in 
injection  regions  (0  to  25  A)  is  better  than  +/-25  mA. 
Figure  5  shows  the  current  regulation  error  of  +/-  78  mA 
at  350A  (CH1=40A/V,  CH3=2A/V).  Our  first  operational 
problem  was  excessive  ripple  due  to  a  bad  connector  on 
our  current  feedback  signal.  The  second  problem  was  also 
excessive  power  supply  voltage  ripple  due  to  noise  pickup 
in  the  current  transducer  electronics.  This  last  problem 
was  solved  by  using  a  later  version  of  the  transducer 
electronics  with  improved  noise  rejection. 

Two  power  supplies  were  in  operation  during  Main 
Injector  commission  between  October  98  and  January  99. 
The  Main  Injector  achieved  greater  than  1E13  protons/6 
batch  intensity  at  150  Gev. 


Figure  3  Typical  Power  supply  Voltage  and  Current 


Tek  HBUB  5.ooks/s  369  Acqs 

_ I - T - - 


4 


CM  1 1 2.66  V' 


Mi o.6ms  dM  j  4o6mv 


a:  78mv 
®:  -39mv 


Cl  Max 
8.76  V 


Figure  5  Current  Regulation  Error  of  +/-  78mA  at  350A 
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Figure  6  Power  Supply  Voltage  Ripple 

4  CONCLUSION 

The  test  results  on  the  four  quadrant  250ATW  switchmode 
power  supplies  indicate  successful  application  of  IGBTs 
in  switchmode  power  supplies  for  wide  bandwidth  and 
high  power  operation. 
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Figure  4  Current  Loop  Frequency  Response 
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RESONANT  RAMPING  SCHEME  FOR  CLS  BOOSTER  DIPOLE  MAGNETS 

N.  G.  Johnson*.  W.  E.  Norum,  Saskatchewan  Accelerator  Laboratory,  Saskatoon,  Saskatchewan 


Abstract 

The  booster  for  the  proposed  Canadian  Light  Source  is  be¬ 
ing  designed  to  ramp  the  electron  beam  from  250  MeV  to 
2.9  GeV  in  approximately  180  mS,  with  a  repetition  fre¬ 
quency  of  2.5  Hz.  The  booster  dipole  magnets  will  be  con¬ 
nected  in  series  with  a  capacitor  bank  and  operated  as  a  se¬ 
ries  resonant  circuit.  This  approach  reduces  the  peak  power 
drawn  from  the  supply  and  consequent  load  fluctuations  on 
the  incoming  AC  lines.  The  series  connection  ensures  that 
the  current  through  each  magnet  is  identical.  The  circuit 
is  simple  and  easy  to  control,  especially  when  compared 
to  other  ramping  power  supply  approaches.  An  SCR  bank, 
configured  as  an  H-Bridge,  controls  the  orientation  of  the 
capacitor  bank  in  the  circuit.  To  initiate  a  ramp  cycle  two 
opposing  legs  of  the  bridge  are  switched  on,  thereby  ap¬ 
plying  power  to  the  magnets.  The  magnet  current  is  a  half 
sinusoid;  when  it  drops  to  zero  the  SCRs  turn  off  with  the 
capacitors  charged  to  the  opposite  polarity,  ready  for  the 
next  cycle.  The  system  will  apply  a  peak  voltage  of  ap¬ 
proximately  3500  Volts  and  a  peak  current  of  1550  Amps 
to  the  magnet  string. 

1  CLS  BOOSTER 

The  Canadian  Light  Source  (CLS)  [1]  will  consist  of  the 
Saskatchewan  Accelerator  Laboratory’s  electron  linac  op¬ 
erating  at  250  MeV,  a  booster  synchrotron  to  increase  the 
energy  to  2.9  GeV,  and  a  2.9  GeV  storage  ring.  The  booster 
has  been  designed  for  an  injection  frequency  of  2.5  Hz.  The 
booster  magnet  parameters  are  summarized  in  Table  1. 


Table  1 :  Booster  Dipole  Magnet  Parameters 


Magnet 

H-type 

Number  of  Magnets 

20+1  reference 

Core  length 

2.56  m 

Gap 

44  mm 

Maximum  flux  density 

1.33  T 

Peak  current 

1550  A 

Turns  per  coil 

16 

Turns  per  magnet 

32 

Resistance  per  magnet 

13.2  mfi 

Inductance  per  magnet 

11.4  mH 

Interconnection  resistance 

6.6  mfi 

Dipole  string  resistance 

284  mfi 

Dipole  string  inductance 

239  mH 

For  very  long  ramp  periods  the  inductance  of  the  mag¬ 
nets  has  little  effect  on  the  power  supply  requirements. 

"Email:  neil.johnson@usask.ca 
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Figure  1 :  Resonant  Ramping  Supply  Schematic 


Varying  the  current  through  the  magnet  coils  requires  that 
the  power  supply  voltage  be  increased  to  overcome  the  in¬ 
ductive  component  of  the  load.  Inductive  effects  begin  to 
dominate  the  CLS  booster  dipole  magnet  power  supply  re¬ 
quirements  around  1  Hz,  which  was  the  initially  proposed 
rate.  With  an  injection  rate  of  1  Hz,  and  assuming  an  equal 
ramp  up/ramp  down  time,  the  magnet  current  must  increase 
1420  A  in  0.5  seconds. 

Three  power  supply  designs  have  been  considered:  lin¬ 
ear  ramping;  exponential  ramping;  and  series  resonant 
ramping.  Comparisons  of  the  designs  were  made  assuming 
a  minimum  injection  frequency  of  1  Hz  and  equal  times  for 
increasing  and  decreasing  the  current.  The  technique  re¬ 
ferred  to  as  a  White  circuit  seemed  overly  complicated  for 
this  injection  frequency,  and  has  not  been  analyzed. 

A  linear  ramping  approach  increases  the  dipole  flux  at  a 
constant  rate,  so  the  waveform  of  the  power  supply  output 
voltage  is  approximately  a  sawtooth.  The  proposed  CLS 
booster  dipole  network  has  a  total  resistance  of 0.284  ohms, 
a  total  inductance  of  0.239  Henry,  and  requires  a  current  of 
1550  A  at  2.9  GeV  (see  Table  1).  This  requires  a  power 
supply  output  voltage  of  1 120  V  just  before  maximum  cur¬ 
rent  is  reached,  for  a  peak  output  of  1 .7  MW.  The  time  con¬ 
stant  of  the  circuit  is  0.84  seconds  so  the  current  will  not 
decay  to  the  level  required  for  250  MeV  injection  unless  a 
bipolar  supply  is  used. 

A  second  approach  was  considered  in  which  the  supply 
would  be  operated  with  a  stepped  output  voltage,  with  the 
magnet  current  following  exponential  curves  according  to 
the  L/R  time  constant  of  the  system.  The  required  sup¬ 
ply  voltage  would  be  980  V,  with  a  peak  output  power  of 
1 .5  MW.  This  supply  would  also  have  to  be  bipolar. 

A  third  approach,  and  the  one  chosen  for  use  at  the  CLS, 
is  to  reduce  peak  power  requirements  by  connecting  a  ca¬ 
pacitor  bank  in  series  with  the  magnets  to  create  a  resonant 
RLC  circuit.  At  resonance  the  reactive  components  of  the 
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a  X(LMJLO) 

Tin* 

Figure  2:  Dipole  current  as  supply  switched  on 


□  X(LMAG) 

Time 

Figure  3:  Expanded  view  of  operating  state  dipole  current 


capacitance  and  inductance  cancel.  This  system,  and  ac¬ 
companying  thyristor  switches  as  shown  in  Figure  1 ,  can  be 
used  with  a  unipolar,  constant  output  voltage  supply.  The 
CLS  constant  voltage  power  supply  needs  to  provide  only 
360  V  at  1550  A,  for  a  peak  output  of  0.56  kW. 

The  ramp  period  can  be  chosen  by  adjusting  the  number 
of  turns  in  the  magnet  windings  to  vary  the  magnet  induc¬ 
tance  as  described  below.  This  has  a  minimal  effect  on 
power  consumption.  If  the  overall  cross  sectional  area  of 
the  copper  is  constant  there  will  be  no  change  in  the  peak 
power  dissipation.  The  resistance  of  the  winding  is  propor¬ 
tional  to  the  square  of  the  number  of  turns.  For  example 
doubling  the  number  of  turns  results  in  half  the  conductor 
area  and  twice  the  length,  quadrupling  the  resistance.  Since 
the  required  field  remains  the  same,  the  peak  current  varies 
inversely  with  the  number  of  windings  so  only  half  the  cur¬ 
rent  would  be  required.  Power,  which  is  proportional  to 
I2  R,  remains  constant.  In  practice  the  total  cross  sectional 
area  of  the  windings  is  fixed,  so  as  the  number  of  windings 
is  increased  proportionally  more  area  will  be  occupied  by 
insulation,  and  resistive  losses  will  increase  somewhat. 

The  magnet  load  will  be  split  into  two  sections  as  shown 
in  Figure  1.  This  configuration  reduces  the  magnitude  of 
the  voltage  between  the  windings  and  ground  since  one 
section  is  pulsed  with  a  positive  voltage  while  the  other 
is  pulsed  with  a  negative  voltage.  During  normal  opera¬ 
tion  the  magnets  adjacent  to  the  SCR/capacitor  section  will 
have  to  withstand  2  kV  between  their  coils  and  ground.  A 
fault  in  either  of  these  locations  would  impose  the  full  ca- 


Figure  4:  Magnet  current  in  prototype  supply  as  it  is 
switched  on.  Horizontal  scale:  0.5  S/division,  Vertical 
scale  30A/division 


pacitor  voltage  on  the  windings  of  the  first  coil  in  the  other 
half  of  the  string  of  dipoles,  so  the  coil  winding  insula¬ 
tion  must  be  able  to  withstand  momentary  peak  voltages 
of  4  kV.  Ground  fault  detection  will  be  incorporated  in  the 
supply  to  detect  these  faults  and  provide  protection  to  the 
supply  and  magnets. 

A  PSpice  model  of  the  schematic  in  Figure  1  was  devel¬ 
oped  by  replacing  the  SCRs  with  switches  in  series  with 
diodes.  Figure  2  shows  the  simulation  of  magnet  current 
I(LMAG)  as  the  power  supply  ramps  up  to  the  operating 
state.  Figure  3  shows  an  expanded  view  of  the  dipole  cur¬ 
rent  after  it  has  reached  this  state. 

A  low  power  prototype  was  designed  and  tested.  The  ca¬ 
pacitor  bank  was  implemented  with  twelve  10000  fjF  elec¬ 
trolytic  capacitors.  The  capacitors  were  arranged  as  two 
sets  of  6  capacitors  connected  back  to  back.  Each  set  in¬ 
cluded  a  bypass  diode  to  protect  the  capacitors  from  be¬ 
ing  charged  with  the  wrong  polarity.  The  magnet  string 
was  simulated  with  an  air  core  coil  having  a  resistance  of 
110  mft  and  an  inductance  of  8.1  mH.  The  capacitors  each 
have  an  equivalent  series  resistance  of  18  mfi,  resulting  in 
a  total  resistance  of  1 13  mft.  A  300  A  DCCT,  which  pro¬ 
vides  a  full  scale  output  of  200  mA,  connected  to  the  50  ft 
input  of  an  oscilloscope  corresponds  to  30  A/V.  Figures  4 
and  5  show  the  operation  of  the  prototype  as  it  is  switched 
on  and  after  the  current  has  reached  its  operating  point. 

The  energy  stored  in  the  magnets  must  be  transferred  be¬ 
tween  the  magnet  flux  and  the  capacitor’s  electric  field.  The 
peak  voltage  across  the  capacitors  will  be  inversely  propor¬ 
tional  to  the  square  root  of  the  capacitance.  This  voltage 
will  be  limited  by  the  voltage  rating  of  available  SCRs.  The 
Powerex  TC20  SCR  which  has  a  rating  of  4.5  kV  and  2.8 
kAat),  or  the  International  Rectifier  ST1900C52R0  rated  at 
5.2  kV  and  1.6  kAot,,  are  suitable  for  this  design. 

Although  the  resonant  supply  imposes  a  smaller  tran- 
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Figure  5:  Expanded  view  of  operating  state  dipole  cur¬ 
rent  Horizontal  scale:  50  mS/division,  Vertical  scale 
30A/division 


sient  load  on  the  AC  supply  lines  than  do  supplies  which 
reverse  the  power  load  on  the  supply  lines,  the  load  fluctua¬ 
tion  from  ramping  the  booster  magnets  will  induce  voltage 
fluctuations  on  the  60  Hz  voltage  distribution  throughout 
the  lab.  Feeding  the  ramped  supplies  from  a  separate  trans¬ 
former  will  minimize  the  effects  on  other  power  supplies. 
This  transformer  can  also  function  as  the  transformer  in  the 
360  V  DC  supply.  In  this  case  the  transformer  would  be  or¬ 
dered  with  both  Delta  and  Wye  secondaries,  and  operated 
with  a  twelve  phase  rectifier.  The  leakage  inductance  of 
this  transformer  will  have  a  negligible  effect  on  the  circuit 
operation.  Assuming  a  250  V  RMS  secondary  voltage  and 
a  750  kVA  6  phase  transformer  with  a  10%  leakage  induc¬ 
tance,  each  leg  would  have  approximately  70  /zH  induc¬ 
tance.  Two  legs  wpuld  be  conducting  at  a  time,  so  the  total 
inductance  seen  by  the  circuit  would  be  140  /zH,  which  is 
less  than  0.1%  of  the  circuit  inductance. 

To  avoid  a  large  fluctuating  dipole  effect,  the  return  cur¬ 
rent  path  will  retrace  the  outgoing  path  in  close  proxim¬ 
ity  to  the  outgoing  conductors.  The  booster  circumference 
is  102  m.  Allowing  2  m  for  each  dipole  connection,  the 
conductor  will  have  a  total  length  of  246  m.  Losses  in 
the  magnet  interconnections  should  be  kept  low.  Initially 
the  booster  was  specified  for  operation  at  1  Hz,  with  the 
magnets  connected  in  series  using  water  cooled  conduc¬ 
tors  having  a  copper  cross  sectional  area  at  least  that  of  a 
3”  copper  pipe  with  a  wall  thickness  of  0.054”.  Since  the 
booster’s  resonant  frequency  is  controlled  by  varying  the 
number  of  turns  of  the  booster  dipoles,  the  peak  dipole  cur¬ 
rent  increases  proportionally  with  this  frequency.  The  cur¬ 
rent  at  a  ramp  rate  of  2.5  Hz  would  result  in  a  peak  power 
dissipation  of  90  kW  in  these  conductors.  Three  500  MCM 
conductors  will  be  used  instead  of  the  water  cooled  con¬ 
ductors,  reducing  the  conductor  resistance  to  6.6  mfi,  the 
peak  power  dissipation  to  16  kW,  and  the  peak  output  of 


the  power  supply  by  74  kW. 

With  the  resonant  design  the  booster  ramp  period  can  be 
reduced  with  little  effect  on  the  dipole  power  supply’s  peak 
output  power.  Non-resonant  supplies,  which  can  be  ad¬ 
justed  to  match  the  booster  dipole  current,  will  be  used  for 
the  booster  quadrupoles.  Shorter  periods  make  the  induc¬ 
tive  component  of  the  quadrupole  magnet  load  more  signif¬ 
icant.  With  the  present  CLS  design  the  reactive  component 
of  the  quadrupole  load  equals  the  resistive  component  at  3 
Hz.  Shorter  periods  would  rapidly  increase  the  quadrupole 
supply  requirements,  so  3  Hz  was  chosen  as  the  maximum 
booster  frequency. 

The  booster  quadrupole  supplies  and  RF  have  to  be  reg¬ 
ulated  to  match  the  dipole  current.  Either  a  DCCT  or  Hall 
probe  could  be  used  as  a  basis  for  the  control.  At  the  maxi¬ 
mum  current  levels  the  magnet  cores  will  be  somewhat  sat¬ 
urated,  so  flux  cannot  be  assumed  to  be  directly  propor¬ 
tional  to  current.  Feedback  using  a  DCCT  would  require 
accurate  modeling  of  these  saturation  effects,  based  on  a 
complete  mapping  of  the  dipole.  The  Hall  probe  measures 
flux  directly,  so  provides  a  simple  feedback  system  but  re¬ 
quires  an  extra  reference  dipole.  A  Hall  probe  is  planned  to 
be  used  as  the  main  feedback  to  the  magnet  control  system. 
A  DCCT  will  be  installed  for  diagnostic  purposes. 

With  the  proper  number  of  turns  the  quadrupole  mag¬ 
nets  could  be  connected  in  series  with  the  dipole  magnets 
and  form  part  of  the  resonant  system.  Trim  windings  on 
the  quadrupoles  would  allow  control  over  the  tune  of  the 
booster.  This  approach  was  considered,  but  concerns  about 
the  risk  of  an  untested  system  and  limited  ability  to  adjust 
the  tune  of  the  beam  resulted  in  its  rejection. 

The  simplicity  of  the  circuit  should  result  in  good  reli¬ 
ability  for  the  system.  The  most  common  failure  will  be 
a  shorted  capacitor  in  the  60  mF  capacitor  bank.  The  ca¬ 
pacitors  will  be  individually  fused  to  limit  the  energy  dis¬ 
sipation  during  a  such  a  fault.  The  capacitor  bank  will  be 
constructed  with  spare  units  in  place,  making  it  possible 
to  resume  operation  with  a  very  short  down  time.  A  high 
voltage  relay  could  be  used  to  connect  the  spare  capacitor, 
reducing  down  time  further.  Alternatively,  a  self  healing 
capacitor  construction  could  be  used.  These  capacitors  use 
a  dielectric  film  with  a  thin  metal  coating.  The  metal  in  the 
vicinity  of  a  dielectric  fault  is  unable  to  carry  the  fault  cur¬ 
rent,  and  is  blown  away,  clearing  the  fault  at  the  expense 
of  reduced  capacitance.  Banks  of  electrolytic  capacitors 
could  be  used  to  provide  a  compact  design.  The  reliabil¬ 
ity  of  these  capacitors  would  likely  be  worse  than  oil  filled 
capacitors,  especially  since  a  combination  series/parallel 
bank  would  be  required.  Self  healing  capacitors  with  man¬ 
ually  switchable  spares  will  be  used  for  the  CLS. 
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PULSING  A  4.1  MW  MOTOR  GENERATOR  SYSTEM  TO  34  MW  PEAK 
POWER  UNDER  CONSTANT  INPUT  POWER  OPERATION.  * 

I.  Mameris  #.  V.  Badea,  M.  Bannon,  R.  Bonati,  G.  Danowski,  J.  Sandberg,  A.  Soukas. 
Brookhaven  National  Laboratory,  Upton,  New  York  1 1973  USA 


Abstract 

Brookhaven  operates  a  9  MW  motor  generator,  made  by 
Siemens,  as  part  of  the  main  magnet  power  supply  of  the 
Alternating  Gradient  Synchrotron  (AGS)  accelerator.  A 
cycloconverter  power  supply  system  is  utilized  to  ensure 
that  during  pulsing  the  main  magnets  of  the  AGS  up  to 
50  MW  peak  power,  the  input  power  of  the  motor 
generator  remains  constant.  There  is  also  another  motor 
generator  (MG  set)  at  Brookkhaven,  a  40  year  old  system 
manufactured  by  Westinghouse.  This  MG  set  could  be 
pulsed  up  to  34  MW  peak  power  while  the  input  average 
power  should  not  exceed.  4.1  MW.  A  project  is 
underway  to  upgrade  this  MG  system  and  it’s  controls,  so 
it  could  be  used  as  a  spare  while  doing  maintenance  on 
the  Siemens  MG  and  thus  not  interrupting  the  RHIC 
physics  program.  The  purpose  of  this  paper  is  to  show 
that  it  is  possible  to  pulse  the  AGS  magnets  using  the 
Westinghouse  MG  system  without  utilizing  a 
cycloconverter  power  supply,  and  still  be  able  to  maintain 
the  input  power  to  the  motor  generator  constant. 
Calculations  will  be  provided  to  show  that  we  can  pulse 
the  position  of  the  liquid  rheostat  in  the  motor  rotor 
circuit  to  support  the  above,  while  taking  out  the  power 
necessary  to  pulse  the  AGS  magnets.  This  solution  is 
being  implemented  due  to  budget  constraints  and  overall 
simplicity.  The  hydraulic  system  to  accomplish  this  task 
will  also  be  described. 

1  DESCRIPTION/SPECIFICATIONS  OF 
THE  MOTOR/GENERATOR 

The  motor  generator  is  a  40  years  old  machine 
manufactured  by  Westinghouse  (WH)  with  the  following 
ratings.  The  stator  voltage  is  Vst=13800  Volts  3  phase, 
states’  full-load  current  is  203  Amps.  The  motor  is  an 
900  RPM,  6%  slip,  5500  horsepower  (4.1  MW)  wound 
rotor  induction  motor.  The  friction  and  windage  losses 
are  550  KW.  The  blocked  rotor  voltage  is  3168  Volts, 
rotor  full-load  current  is  787  Amps.  The  moment  of 
inertia  of  the  whole  system  is  46890  kg*m*m.  A  liquid 
rheostat  is  used  for  acceleration  and  speed  adjustments. 
The  liquid  rheostat  consists  of  the  coarse  adjustment  used 
during  turning  on  and  braking  the  motor  and  the  fine 
adjustment  used  to  control  the  speed  during  pulsing  of 
the  generator.  The  generator  stator  voltage  generates  a 
maximum  of  7500  volts,  3  phase,  2771  Amps,  36000 


KVA.  It  can  be  pulsed  up  to  34200  KW,  with  a  power 
factor  of  95%.  The  continuous  rating  is  29  MW.  The 
generator  rotor  is  excited  by  a  dc  source  of  260  Volts  at 
578  Amps.  The  3  phase  output  is  converted  to 
controllable  dc  by  a  rectifier  (SCR)  system  and  applied  to 
the  AGS  magnets. 

2  THEORY  AND  CALCULATIONS 

Since  we  can  pulse  the  WH  generator  to  34MW  peak 
power  and  assuming  a  linear  change  of  the  magnet 
current  from  the  front  porch  to  the  flat  top  value  and  visa 
versa,  we  can  calculate  the  optimum  magnet  current 
waveform  based  on  the  34MW  peak  power  rating 
assuming  an  efficiency  of  95%  for  the  rectifiers.  The 
magnet  current  I(t),  magnet  voltage  V(t)  and  magnet 
instantaneous  power  Pim(t)=I(t)*V(t)  are  displayed  in 
Fig.  1  and  Fig  2,  for  a  typical  AGS  cycle. 


t 

TIME  (SEC) 


Figure  1:  Magnet  current  (Amps)  and  voltage  (Volts) 


TIME  (SEC) 


Figure  2:  Magnet  power  (Mwatts) 
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NOTE  Pim(t)=I(t)*(L*dI/dt  +I(t)*R) 

R=0.27  Ohms  is  the  AGS  magnet  total  resistance. 
L=0.75  Henry  is  the  inductance  of  the  AGS  magnets. 

The  differential  equation  governing  the  motor  generator 
power  flow  is: 

,1 

Pi(t)— J-Q(t)--— —  Q(t)  +■  Pw-h  Pim(t)  -i-  Pscr(t)  +-  Plose(t) 
d  tl 

Pi(t)  is  the  input  power  into  the  motor  as  function  of 
time.  J  is  the  moment  of  inertia.  Q(t)  is  the  rotational 
speed  of  the  MG  set  in  rad/sec.  Pw=550000  W,  is  the 
friction  and  windage  loss.  Pim(t)  is  the  instantaneous 
AGS  magnet  power.  Pscr(t)  is  the  power  dissipated  on 
the  silicon  control  rectifiers  for  the  AGSMMPS.  Plose(t) 
represents  all  other  loses  measured  for  a  given  magnet 
cycle  used  in  this  example.  T=2.5  sec,  is  the  period  of  the 
AGS  magnet  cycle.  Pi,  the  average  power  into  the  MG 
set,  is  equal  to  the  sum  of  the  average  power  Pam 
dissipated  into  the  AGS  magnets,  plus  the  average  power 
dissipated  on  the  SCR’s  Pscr,  plus  the  windage  loss  Pw, 
plus  the  all  other  average  losses  Plose,  for  a  given  magnet 
cycle.  Rlose  was  measured  to  be  0.073  Ohms. 

Pi : = Pam  i-  Pw  ■+■  Pscr  -|-  Plose 


S(t) 


Qe-  Q(t) 
Qe 


Fig.  3  is  the  slip  in  percent  for  the  magnet  current  cycle 
in  Fig.  1  while  maintaining  the  motor  power  Pi  constant 


at  3.7  MW. 


4 

3.5 
3 

S(t)  1002.5 
2 

1.5 
1 

0  0.5  1  1.5  2  2.5 

t 

TIME  (SEC) 

Figure  3:  Slip  of  the  MG  set  in  percent 


I(t)2dt 

I(t)-32dt 


I(t)2dt 

T  Jo 


_,._R-t-  Rlose 

Pi= - 

T 


1  i*t  i*t  ' 

I(t)2dt  +  — ■  I(t)dt  -t-Pw 

f*o  T  Vo 


Pi  was  calculated  to  be  3.7  MW  for  the  magnet  cycle  in 
Fig.  1.  Utilizing  Mathcad  5.0  software  we  solved  the 
differential  equation  governing  the  MG  set  for  the 
rotational  speed  Q(t).  This  is  the  speed,  that  the  MG  set 
should  have  for  the  magnet  current  in  Fig.  1,  maintaining 
the  input  power  Pi=3.7MW  constant.  Q0=93.2  rad/sec  is 
the  speed  of  the  MG  set  without  a  load  on  the  generator. 
Qe=94.2  rad/sec  is  the  synchronous  speed  of  the  stator 
magnetic  field  wich  induces  EMF  on  the  rotor  windings. 
The  result  is, 


Q(t)= Jqo2h-  j-(Pi-t-Pw  t-  a(t)  -  b(t)  -  c(t)  -  d(t)) 
Where 


•1(0  r  t 

a(t)  :=L-  Idl  b(t)  =R-  I(t)2dt 

•U(O)  Jo 


*i  ri 

c(t)  :=  Pscr(t)dt  d(t)  :=Rlose-  I(t)2 dt 

Jo  Jo 

S(t)  is  the  slip  of  the  MG  set  defined  as, 


Figure  4:  Induction  motor  rotor  equivalent  circuit  per 
phase 


From  induction  motor  theory  we  have: 


3168 
al - 


Vrotoi(t) 

- — =al-S(t) 

Vstatorft) 


Irotorft)  _  1 


13800  Vstatorft)  Istator(t)  al 

From  the  per  phase  equivalent  circuit  of  the  rotor  of  an 
induction  motor,  Fig.  4,  assuming  the  rotor  reactance  to 
be  Owe  have:  Vct.ai.crt) 


Rtot(t)=Rrot+  Rli(t) 


ThenRtot(t)= 


Substituting  for  Irotor(t)  we 


Vst-al-S(t) 

Irotor(t) 

.  . 


Since  Istator(t)= 


RtOt(t)=Vst  al -S(t)- - — — 

pi  Istator(t) 


V3-VstPF(Pi) 

We  finally  have  Rtot ( t ) = Vst2  a  1 2-^ •  PF( Pi) 
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From  this  formula  we  conclude  that  to  maintain  the 
power  into  the  motor  Pi  constant,  the  resistance  of  the 
liquid  rheostat  Rlr(t)  should  be  proportional  to  the 
required  or  desired  slip  S(t).  We  measured  the  power 
factor  versus  input  power  PF(Pi),  into  the  MG  and  the 
data  are  displayed  in  Fig.  5.  Fig.  6  displays  the  calculated 
resistance  of  the  liquid  rheostat,  while  pulsing  the 
generator  to  approximately  34  MW  peak  power  and 
maintaining  the  input  power  to  the  motor  constant  at  3.7 
MW. 


12  3  4 

Pi 

MOTOR  POWER  (MW) 

Figure  5:  MG  set  power  factor 


0  0.5  1  1.5  2  2.5 

t 

TIME  (SEC) 


liquid  rheostat  resistance.  This  corresponds  to  a 
maximum  fine  adjustment  of  500  mOms.  A  1000  psi 
pump  is  used  with  an  electronically  controlled  Moog 
valve,  to  move  the  position  of  the  fine  adjustment.  Three 
different  techniques  that  could  be  utilized  to  regulate  the 
motor  power,  are  shown  in  the  block  diagram  of  Fig.  7. 
When  the  switch  is  in  position  A,  a  computer  generated 
reference,  for  a  given  magnet  cycle,  will  be  utilized  based 
on  the  formula  for  rotor  resistance,  calculated  above,  to 
drive  the  Moog  valve.  If  the  switch  is  in  position  B,  the 
Moog  valve  will  be  driven  by  a  computer  generated 
reference  based  on  the  formula  for  the  slip.  This  solution 
utilizes  a  feedback  loop  with  reference  the  slip  signal 
S(t)*100  from  Fig.  3,  feedback  signal  the  actual  slip  of 
the  motor  in  percent,  and  the  error  signal  driving  the 
position  of  the  fine  adjustment  of  the  liquid  rheostat.  If 
we  choose  position  C  of  the  switch,  then  the  Moog  valve 
will  be  driven  by  a  computer  generated  reference  based 
on  the  formula  for  motor  power  Pi.  This  solution  utilizes 
a  power  requlation  feedback  loop  where  the  error  signal 
drives  the  position  of  the  fine  adjustment  of  the  liquid 
rheostat,  to  maintain  the  input  power  constant.  Sample 
speed  could  be  used  to  adjust  the  power  reference. 


Figure  7:  Liquid  rheostat  hydraulic  system  block  diagram 


Figure  6:  Motor  rotor  plus  liquid  rheostat  resistance  per 
phase  in  ohms 

Since  the  resistance  of  the  liquid  rheostat  is  proportional 
to  it’s  position,  if  we  would  pulse  the  position  of  the 
rheostat  based  on  the  above  calculation  subtracting  the 
actual  rotor  resistance  Rrot,  which  was  measured  to  be  15 
mOhm,  the  input  power  into  the  motor  should  be 
constant.  The  actual  input  power  should  be  constant  to 
+/-  0.5  MW. 

3  HYDRAULIC  SYSTEM 

For  pulsing  operation  of  the  MG  set,  a  hydraulic  system 
is  used.  The  system  consists  of  a  pair  of  hydraulic 
pistons  capable  of  moving  the  liquid  rheostat  fine 
adjustment  by  a  maximum  of  20  percent  of  the  total 
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Abstract 

A  new  power  supply  using  IGBT  is  developed  in  order  to 
investigate  the  feasibility  of  use  of  IGBT  to  large-scale 
power  supplies  for  synchrotron  magnets.  The  power  supply 
is  constructed  with  a  converter  and  a  chopper  blocks,  which 
are  made  up  of  IGBT  modules.  The  active  peak  power  and 
the  maximum  output  current  are  1  MW  and  3000A.  The 
preliminary  tests  showed  the  current  ripple  is  a  few  x  10'6 
with  only  a  very  small-size  passive  filter.  The  paper 
describes  the  design  parameters  of  the  power  supply  and  the 
test  results  in  detail. 

1  INTRODUCTION 

We  have  developed  a  new  power  supply  using  IGBT  to 
investigate  the  feasibility  of  use  of  IGBT  as  a  power 
converter  element  to  large-scale  power  supplies  for  magnets 
of  synchrotrons  such  as  the  JHF  main  ring  [1],  By  using 
IGBT,  it  becomes  possible  to  construct  a  power  supply 
basically  not  generating  a  reactive  power  in  spite  of  that  the 
power  supply  is  operated  with  a  trapezoidal  output  current 
wave-form.  Furthermore,  the  very  high  switching  frequency 
makes  it  easy  to  control  the  output  current  shape  with  very 
small  tracking  error  and  to  regulate  the  current  ripple  to  be 
very  low  level  without  a  large-scale  passive  filter  or  an 
active  filter. 


The  power  supply  has  been  designed  so  as  to  generate  a 
trapezoidal  wave-form  output  current  with  the  active  peak 
power  of  1  MW  and  the  maximum  current  of  3000  A. 
Additionally,  it  is  operated  as  a  dc  power  supply  with  the 
peak  current  of  3000  A.  A  part  of  power  converter  consists 
of  a  converter  block  and  a  chopper  block,  which  are  made 
up  of  IGBT  modules.  The  switching  frequency  of  the  IGBT 
module  is  8  kHz  per  each,  and  the  ripple  frequency  of  the 
output  current  is  128  kHz. 

The  preliminary  tests  with  the  output  current  shape  based 
on  the  JHF  excitation-pattern  [1]  showed  that  the  current 
ripple  at  the  flat-top  of  the  excitation  being  a  few  x  10‘6 
with  only  a  very  small-size  passive  filter,  the  current 
stability  being  less  than  5x1 0‘5  and  the  tracking  error  being 
less  than  3x10 4.  The  power  supply  has  been  operated 
successfully  to  study  the  field  quality  of  the  R&D  magnet 
of  the  JHF  50-GeV  main  ring  [2]. 

2  CONSTITUTION  OF  THE  POWER 
SUPPLY 

Figure  1  shows  the  skeleton  diagram  of  the  power  supply. 
To  realize  a  very  large  dynamic  range  of  the  output  current, 
the  converter-chopper  combination  method  is  adopted.  The 
main  design  parameters  of  the  power  supply  is  summarized 


HighVotegsJnpuAfane^  |nput  f|GBT  Power  Supply  (main  board) 

!  y  — Y  if - ]!  w  f 


!i  i! 

,  |  !  6600W260V  [ 


Converter  Chopper  0lItnllt  R,lpr 
Block  Block  ^MJPut  hmer 


Magnet 


Figure  1 :  Skeleton  diagram  of  the  power  supply. 
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in  Table  1,  and  the  typical  output  current  pattern  is 
shown  in  Figure  2. 

Table  1:  Main  parameters  of  the  power  supply. 


input  voltage 
converter  element 
method 

operation  mode 


AC  6600  V  (or  3300  V) 

IGBT 

combination  of  converter-chopper 
trapezoidal  (peak  1  MW),  and 
DC  (max.  3000A) 


output  current 
output  voltage 
current  ripple 


100  ~  3000  A 
0  ~  +-  333V 

10'5  (for  H=20  mH)  (required) 
10‘6  (expected) 


stability  10‘4 

tracking  error*  10'3 

*  tracking  error  =  (Iactual  -  Ireference)/Ireference- 


max 


Figure  2:  Typical  output  pattern  of  the  power  supply. 

2.1  IGBT  Module 

The  converter  and  chopper  blocks  are  constructed  with 
IGBT  modules;  9  modules  for  the  converter  and  16 
modules  for  the  chopper,  and  each  module  is  constructed 
with  5  IGBT  packages  (2  IGBTs  in  each  package).  The 
maximum  rates  of  voltage  and  current  of  the  IGBT  are 
1200  V  and  300  A,  respectively.  Figure  3  shows  the 
circuit  diagram  of  the  IGBT  module.  The  specification  of 
the  module  is  the  same  for  the  converter  and  chopper 
blocks,  and  it  is  connected  oppositely  corresponding  to 
converter  or  chopper  as  shown  in  Figures  1  and  2. 
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Figure  3:  Circuit  diagram  of  the  IGBT  module 

The  converter  is  operated  with  the  switching  frequency 
of  5  kHz  for  each  phase,  to  convert  AC  power  to  DC 
power  with  the  output  voltage  of  about  410  Vdc  (205  Vdc 
for  the  case  of  3300  V  input  voltage),  and  to  regulate  the 
input  power-factor  near  unity  during  operation. 

The  16  modules  for  the  chopper  block  are  divided  into 
two  groups  (P  and  N),  and  the  8  modules  for  each  group 
are  connected  in  parallel,  with  a  small  reactor  (DCLP  or 
DCLN,  shown  in  Figure  1)  for  each  module.  This  small 
reactor  forms  passive  filter  with  condensers  of 
downstream,  whose  cut-off  frequency  is  set  to  be  1.8  kHz. 
The  switching  frequency  of  the  chopper  module  is  8  kHz, 
then  the  output  ripple  frequency  becomes  128  kHz  (8x16 
modules).  This  is  enable  us  to  make  the  control  speed  fast 
and  the  size  of  output  filter  very  small.  Finally,  the  only 
passive  filter  described  above  is  equipped  as  an  output 
filter  and  an  active  filter  is  not  employed. 

3  TEST  RESULTS 

The  power  supply  was  tested  with  the  input  voltage  of 
only  3300  V,  because  the  6600  V  power  line  was  not 
available  for  the  R&D  facility  at  present.  As  a  test  load, 
the  R&D  bending  magnet  of  the  JHF  50-GeV  main  ring 
(L=8  mH,  R=4.3  mO)  was  used. 

3 . 1  Input  Characteristics 

The  power  factor  and  harmonic  current  of  the  input  power 
was  measured  with  the  condition  of  trapezoidal  output 
current  whose  peak  current  was  3000  A,  peak  power  was 
267  kW  and  ramping  up  ratio  was  9700  A/s.  The  power 
factor  was  nearly  unity  above  the  output  power  level  of 
150  kW  and  about  0.87  at  the  power  of  100  kW.  The  total 
harmonic  current  (rms.)  was  about  4.1%. 
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3. 2  Output  Current  Ripple 

A  current  ripple  was  calculated  from  the  voltage  ripple 
measured  at  the  output  terminal  of  the  power  supply. 

Figure  4  shows  the  spectrum  pattern  of  the  terminal 
voltage  when  the  power  supply  was  operated  with  the 
output  current  of  DC  3000  A,  and  Table  2  shows  the 
current  ripple  calculated  from  the  voltage  ripple  at  the 
frequency  range  of  50  ~  600  Hz. 


2.5  FREQUENCY  Hz  2.0k 


Figure  4:  Spectrum  distribution  of  voltage  ripple. 


Table  2:  Current  ripple  measured  with  DC  3000  A. 


n 

f 

(Hz) 

voltage  rip 

dBV(0dB1 

pie  (meas) 

=1Vrms) 

current  ripple 
(cal) 

(  20mH  ) 

dBR 

dBV 

1 

50 

-44.3053 

9. 14069E-07 

2 

100 

4.59569 

-39.7096 

7. 75771E-07 

3 

150 

3. 25764 

-41.0477 

4. 43343E-07 

4 

200 

1.35123 

-42. 9541 

2. 66981E-07 

5 

250 

1.77125 

-42.5341 

2. 24167E-07 

6 

300 

1.13079 

-43. 1745 

1.73527E-07 

7 

350 

0.90861 

-43.3967 

1. 44981 E-07 

8 

400 

0. 09316 

-44.2121 

1.1 5491 E-07 

9 

450 

0.49535 

-43.8100 

1. 07524E-07 

10 

500 

0.15114 

-44. 1542 

9. 30113E-08 

11 

550 

0. 00755 

-44. 2978 

8. 31694E-08 

12 

600 

-0. 12508 

-44.4304 

7. 50833E-08 

The  current  ripple  at  the  frequency  of  8  kHz  and  64  kHz 
(due  to  the  switching  frequency  of  the  chopper  module) 
was  8.28  x  10'8  and  1.07  x  10'7,  respectively.  On  the  other 
hand,  at  the  frequency  of  1.8  kHz,  which  was  the  cut-off 
frequency  of  the  output  filter,  was  6.4  x  10'7. 

The  current  ripple  when  the  power  supply  was  operated 
with  the  output  of  trapezoidal  wave-form  shown  in  Figure 
2  was  also  measured.  Table  3  shows  the  calculated  results 
of  the  current  ripple.  At  the  frequency  range  of  50  -  300 
Hz,  it  becomes  larger  than  that  of  DC  operation  listed  in 
Table  2  by  factor  2-3. 


Table  3:  Current  ripple  measured  with  the  output  of 
trapezoidal  wave-form. 


f(Hz) 

dBv 

riDole 

50 

-33.9046 

3.027  xl0‘6 

100 

-36.3797 

1.138 

150 

-29.2714 

1.720 

200 

-30.5068 

1.119 

250 

-28.3780 

1.144 

300 

-31.6048 

6.574  xlO'7 

350 

-35.9082 

3.433 

3.4  Tracking  Error 

Figure  5  shows  the  tracking  error  which  defined  in  Table 
1.  It  was  less  than  3  x  10'4  during  ramping-up  period  of 
the  pattern.  The  trapezoidal  output  current  wave-form, 
whose  peak  current  is  3000  A,  is  also  clearly  seen. 


Figure  5:  Tracking  error  and  trapezoidal  output  current 
wave-form. 

4  CONCLUSION 

We  constructed  a  new  power  supply  with  the  output  peak 
power  of  1  MW  by  using  IGBT.  The  test  results  showed 
that  it  might  be  possible  to  construct  a  power  supply  with 
the  peak  power  of  around  10  MW  level  with  using  only 
IGBT.  The  power  supply  developed  here  has  been  operated 
successfully  to  study  the  field  quality  of  the  R&D  magnet 
of  the  JHF  50-GeV  main  ring  now,  and  will  be  operated 
for  mass  field-measurements  in  future. 
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A  GATE  DRIVE  CIRCUIT  FOR  GATE-TURN-OFF  (GTO)  DEVICES  IN 

SERIES  STACK* 

O.  Despe,  J.  Wang.  ANL,  Argonne,  EL 


Abstract 

A  gate-turn-off  (GTO)  switch  is  under  development  at  the 
Advanced  Photon  Source  as  a  replacement  for  a  thyratron 
switch  in  high  power  pulsed  application  [1].  The  high 
voltage  in  the  application  requires  multiple  GTOs 
connected  in  series.  One  component  that  is  critical  to  the 
success  of  GTO  operation  is  the  gate  drive  circuit.  The 
gate  drive  circuit  has  to  provide  fast  high-current  pulses 
to  the  GTO  gate  for  fast  turn-on  and  turn-off.  It  also  has 
to  be  able  to  operate  while  floating  at  high  voltage.  This 
paper  describes  a  gate  drive  circuit  that  meets  these 
requirements. 

1  INTRODUCTION 

The  relatively  low  voltage  ratings  of  GTO  devices 
compared  to  thyratrons  require  the  series  connection  of 
these  devices  when  used  as  replacement  in  certain 
thyratron  applications.  For  this  series  configuration,  a 
basic  requirement  is  a  gate  driver  circuit  that  can  be 
operated  at  a  high  floating  potential. 

The  gate  current  requirement  of  the  GTO  used  in  the 
study,  Westcode  WG10040R36,  is  listed  in  Table  1.  The 
turn-on  gate  current  has  two  components,  a  fast  initial 
pulse  and  a  constant  component.  The  leading  edge  portion 
of  the  current  pulse  is  two  to  three  times  the  value 
required  to  sustain  the  on  state  of  the  device.  The  high 
initial  current  is  needed  to  supply  charge  quickly  into  the 
nonlinear  gate  capacity  of  the  GTO  in  order  to  reduce  its 
turn-on  time.  The  recommended  amplitude  by  Westcode 
is  between  70  and  100  amperes.  After  the  GTO  device  is 
turned  on,  a  substantial  amount  of  gate  current  is  still 
needed  to  maintain  a  low  on-state  resistance  and,  hence,  a 
low  voltage  drop  across  the  GTO’s  anode  and  cathode. 

Trigger  Signal 


Table  1 :  GTO  gate  current  requirement 


Initial 

Current 

Sustained 

Current 

Turn  On 

70  -  100 A 

20  -  50A 

Turn  Off 

>  100A 

- 

During  the  turn-off  process,  a  large  current  is  required 
in  the  reverse  direction  to  remove  charges  from  the 
junction  and  restore  the  forward-voltage-blocking 
capability.  The  amplitude  of  the  turn-off  gate  current  can 
be  much  greater  than  that  required  for  turn-on,  depending 
on  the  current  at  which  the  GTO  is  trying  to  turn  off.  The 
greater  the  turn-off  current,  the  greater  the  amplitude  has 
to  be.  The  speed  of  the  GTO’s  recovery  depends  on  how 
fast  the  charge  is  removed. 

A  low-leakage-inductance  pulse  transformer,  which 
also  provides  the  high  voltage  isolation,  can  be  used  to 
supply  the  leading  edge  portion  of  the  current  pulse.  The 
current  level  needed  to  keep  the  on-state  resistance  low 
for  the  duration  of  the  on  state,  however,  will  most  likely 
be  provided  by  some  other  means  if  this  duration  is  in 
many  microseconds. 

2  DIRECT  GATE  DRIVE  CIRCUIT 

A  direct  gate  drive  circuit  has  been  developed  for  the 
GTOs.  As  shown  in  Figure  1,  the  output  of  the  drive 
circuit  is  connected  directly  to  the  GTO  gate  without  a 
pulse  transformer.  The  drive  circuit  is  divided  into  two 
sections,  a  low  voltage  section  and  a  high  voltage  section. 
The  low  voltage  section  contains  a  fly-back  type  DC/DC 
converter  that  provides  the  required  power  for  the  high 
voltage  section.  The  high  voltage  section  has  the  control 


R1  =  1.20,  R2  =  0.5 £2,  Cl  =  220pF,  C2  =  4.4pF,  R3  =  300,  R4  =  0.250,  C3  =  220pF,  C4  =  6.6nF 
Figure  1 :  Block  diagram  of  the  GTO  gate  drive  circuit 
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logic  and  GTO  gate  drive  circuitry.  A  high-frequency 
switching  transformer  couples  the  two  sections  providing 
the  energy  transfer  and  the  necessary  high  voltage 
isolation. 

2.1  DC/DC  Converter 

The  fly-back  type  DC/DC  converter  uses  a  current  mode 
pulse-width  modulation  (PWM)  controller  chip,  UC2844, 
with  a  power  MOSFET,  IRF640,  driving  a  custom-wound 
high-frequency  and  high-voltage  isolation  (15  kV) 
transformer.  The  PWM  controller  operates  at  a  nominal 
frequency  of  90  kHz.  The  converter  is  designed  for  a  1-A 
maximum  switching  current  at  50%  duty  cycle,  resulting 
in  a  power  transfer  from  the  low-voltage  section  to  the 
high-voltage  section  of  approximately  13  watts 
maximum.  A  set  of  voltage  and  current  switching 
waveforms  is  shown  in  Figure  2. 


Ops  lOps  20ps  30ps  40ps  50ps 


Figure  2:  Converter  switching  voltage  and  current 

Input  power  to  the  converter  is  48  VDC.  The  switching 
transformer  has  one  input  winding  of  ten  turns  and  three 
output  windings  of  seventeen  turns,  four  turns,  and  two 
turns,  respectively,  all  made  from  #22,  15-kVDC  wire. 
The  input  winding  conducts  a  ramping  current  of  up  to 
one  ampere  when  the  MOSFET  turns  on.  The  stored 
energy  in  the  primary  winding  is  then  transferred  to  the 
output  windings  when  the  MOSFET  turns  off. 

The  two-turn  output  provides  a  feedback  signal  to  the 
PWM  controller  for  voltage  regulation.  A  resistor  divider 
reduces  the  feedback  signal  before  sending  it  to  the 
voltage  feedback  input  pin  of  the  PWM  controller.  A 
variable  resistor  in  the  divider  is  used  to  adjust  the  level 
of  the  feedback  voltage  and,  in  turn,  to  set  the  output 
voltage.  The  four-turn  output  is  rectified  and  regulated  to 
supply  15-V  power  to  the  logic  circuit  and  the  MOSFET 
drive  in  the  high-voltage  section.  The  seventeen-turn 
output  feeds  two  rectifiers  to  charge  two  dual  RC  circuits 
to  75  volts. 

Taking  advantage  of  the  insulation  property  of  ferrite, 
the  switching  transformer  uses  a  ferrite  toroid,  P44914- 
TC  from  Magnetics,  as  the  core.  The  criteria  for  choosing 


the  type  of  ferrite  core  are  the  need  for  a  large  window  to 
accommodate  the  windings,  which  are  relatively  large  due 
to  the  high-voltage  insulation,  and  low  core  losses. 

2.2  Gate  Circuit 

The  drive  circuit  is  based  on  power  MOSFETs  connected 
in  an  H-bridge  configuration.  Figure  1  shows  the  basic 
bridge  circuits  with  the  RC  networks  that  shape  and 
deliver  current  to  the  GTO  gate.  Rl,  R2,  Cl,  and  C2  are 
for  turn  on,  while  R3,  R4,  C3  and  C4  are  for  turn  off. 

During  turn  on,  for  a  given  supply  voltage,  R2,  C2,  the 
MOSFET  bridge  on-state  resistance,  GTO  gate  resistance, 
and  the  stray  inductance  (which  cannot  be  ignored  in  this 
case  because  of  the  speed  of  the  pulse)  determine  the 
amplitude  and  duration  of  the  fast  component  of  the 
current  pulse  to  the  GTO  gate.  The  level  of  the  bridge 
output  current  after  the  leading  edge  portion  is  mainly 
determined  by  resistors  Rl  and  R2.  The  bridge  on-state 
resistance  and  the  GTO  gate  resistance  are  very  small 
compared  to  the  sum  of  Rl  and  R2  and,  therefore,  have 
little  effect  on  the  current  level  after  the  initial  pulse.  The 
relatively  large  time  constant  of  R1C1  compared  to  R2C2 
guarantees  that  the  bridge  output  current  remains 
essentially  constant  for  the  duration  of  the  pulse  after  the 
initial  high  current  component  dies  out. 

The  requirement  for  initial  GTO  device  turn-off  is 
similar  to  the  one  for  turn-on.  A  large  negative  short- 
duration  current  pulse  is  produced  by  the  turn-off 
network,  R3,  C3,  R4,  and  C4,  to  quickly  remove  the 
stored  charge  in  the  gate  structure  of  the  device.  The 
amplitude  of  this  pulse  can  be  much  higher  than  that 
required  for  turn-on,  depending  on  how  much  current  the 
GTO  is  forced  to  turn  off.  While  a  substantial  amount  of 
current  is  required  to  maintain  the  low  on-state  resistance 
of  the  device,  a  negative  gate  voltage  of  only  a  few  volts 
is  needed  to  keep  it  off  after  the  stored  gate  charge  is 
removed  by  the  initial  current  pulse.  In  this  case  R3  is 
much  greater  than  Rl.  The  turn-off  process  continues 
after  the  initial  pulse  terminates.  Although  the  device 
recovers  its  reverse  blocking  capability  shortly  after  this 
negative  current  pulse,  its  forward  blocking  capability 
returns  much  more  slowly.  This  recovery  lasts  many 
microseconds  after  the  initial  negative  pulse. 

Both  the  rise  time  and  the  amplitude  of  the  gate  current 
are  affected  by  the  stray  inductance  in  the  circuit.  To 
achieve  a  fast  gate  current  pulse,  the  stray  inductance  has 
to  be  minimized.  For  this  reason,  low  inductance 
components  are  used,  short  and  wide  traces  are  employed 
on  the  PC  board,  and  the  connection  between  the  gate 
drive  board  and  the  GTO  is  kept  at  the  minimum  length. 

Two  MOSFETs  are  connected  in  parallel  to  form  each 
switch  section  of  the  H-bridge  because  of  the  high  speed 
and  current  demand  of  the  GTO  gate.  Since  the  resistance 
in  the  RC  circuit  for  the  initial  fast  pulse  is  only  a  fraction 
of  an  ohm,  the  MOSFETs  need  to  have  a  low  on-state 
resistance  in  order  not  to  affect  the  amplitude  of  the  gate 
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current.  Power  MOSFET  IRF540N  from  International 
Rectifier  was  chosen  for  its  very  low  on-state  resistance, 
0.052Q,  and  large  drain  current  rating,  27A. 

2.3  Operation 

In  the  normal  off  state  of  the  H-bridge,  Ql,  Q3  and  Q4 
are  off  while  Q2  is  on.  Q2  provides  a  return  path  for  a 
bias  circuit  (not  shown  in  Figure  1)  to  provide  a  negative 
bias  of  about  -3V  to  the  GTO  gate.  At  the  leading  edge  of 
the  input  trigger  signal,  Q2  shuts  off  while  Ql  and  Q4  are 
driven  on  and  held  on  for  the  duration  of  the  trigger 
signal. 

The  width  of  the  on  pulse  is  controlled  by  the  trigger 
signal.  Since  several  GTOs  are  connected  in  series  and 
GTOs  have  different  turn-on  and  turn-off  speeds,  the 
leading  edge  and  the  trailing  edge  of  each  trigger  signal 
are  independently  controlled  in  order  to  turn  on  or  turn 
off  all  the  GTOs  at  the  same  time. 

At  the  termination  of  the  trigger  pulse,  the  GTO  turn¬ 
off  process  is  started.  Ql  and  Q4  are  turned  off  while  Q2 
and  Q3  are  turned  on.  The  energy  in  the  turn-off  network 
is  discharged  into  the  GTO  gate.  Ideally  Q3  is  turned  on 
only  for  a  duration  sufficient  to  remove  the  stored  gate 
charge  in  the  GTO.  This  occurrence  is  evidenced  by  the 
gate  voltage  going  negative  and  staying  negative.  Any 
extra  drive  is  clamped  by  the  zener  action  of  the  gate- 
cathode  diode  of  the  GTO  device.  An  RC  circuit  in  the 
logic  controls  the  on  duration  of  Q3.  It  provides  easy 
adjustment  for  the  length  of  the  turn-off  pulse.  As 
mentioned  earlier,  the  recovery  time  for  the  GTO  forward 
voltage  blocking  capability  is  attained  many 
microseconds  after  the  gate  voltage  goes  negative. 
Therefore  Q2  is  held  on  to  maintain  a  negative  gate  bias 
until  the  next  trigger  signal  arrives.  Figure  3  shows  a  gate 
current  pulse  generated  by  the  drive. 


Ops  lOps  20ps  30ps  40ps 


Figure  3:  GTO  gate  current  pulse 

The  trigger  signal  is  transmitted  to  the  card  by  fiber 
optics.  It  provides  needed  isolation  between  the  high- 
voltage  section  and  the  low- voltage  section.  An  HP 
HFBR2521  fiber  receiver,  rated  for  5  Mbits/s  at  19 
meters,  is  used.  Its  internal  logic  operates  at  5  volts  while 
its  open-collector  output  is  rated  for  18  volts.  This  enables 
CMOS  integrated  circuits  (ICs)  to  be  used  in  the  logic 
circuit,  thus  providing  more  tolerance  for  noise  produced 
by  switching  actions  of  the  power  MOSFETs  and  the 
GTOs. 


Two  high  voltage  half-bridge  driver  ICs,  HIP2500  by 
Harris,  are  used  to  drive  the  power  MOSFET  H-bridge. 
The  HIP2500  has  current  outputs  suitable  for  driving  the 
gates  of  power  MOSFET  devices.  Its  high-voltage  section 
output  is  also  capable  of  floating  up  to  500  volts  above  its 
ground;  thus,  it  meets  the  requirements  for  driving  the  top 
switches  of  an  H-bridge  configuration. 

2.4  Advantages  and  Disadvantages 

A  direct  gate  drive  has  several  advantages  compared  with 
conventional  single  primary  and  multiple  secondary 
pulsed-transformer-based  gate  drives.  It  has  very  low 
inductance  and,  therefore,  can  supply  very  fast  gate  pulses 
to  the  GTO  gate.  It  can  produce  long  constant  gate  current 
if  the  GTOs  are  required  to  stay  on  for  a  long  period  of 
time.  It  also  permits  adjustment  of  the  turn-on  and  turn¬ 
off  timing  of  each  GTO  independently  to  compensate  for 
variations  in  a  GTO’s  switching  speed.  The  high- 
frequency  switching  and  high-voltage  isolation 
transformer  has  a  very  simple  structure  and  can  be 
constructed  easily.  Since  each  GTO/gate  drive  pair  is 
completely  independent,  any  number  of  the  GTOs  can  be 
used  in  series  to  accommodate  the  requirement  of  the 
high  voltage. 

The  disadvantage  of  the  direct  gate  drive  is  that  if  one 
of  the  drives  fails  to  send  the  turn-on  gate  pulse  to  its 
GTO,  the  GTO  will  be  damaged  by  an  over  voltage  when 
other  GTOs  are  turned  on.  A  domino  effect  may  follow  in 
which  all  the  GTOs  are  destroyed.  Similarly,  if  one  drive 
fails  to  send  the  turn-off  gate  pulse,  other  GTOs  may  be 
damaged  by  excessive  voltage  in  the  reverse  direction.  To 
improve  the  reliability  of  the  GTO  switch  operation, 
certain  voltage  redundancy  needs  to  be  considered  when 
deciding  the  number  of  GTOs  to  be  used  in  series.  Some 
interlock  mechanism  may  need  to  be  devised  to  link  all  of 
the  gate  drives  together.  If  a  malfunction  is  detected  in 
one  drive,  the  trigger  signals  must  be  stopped  for  all  the 
drives. 

3  CONCLUSION 

Seven  direct  gate  drive  cards  have  been  built  to  drive  a 
GTO  switch  of  seven  GTOs  connected  in  series.  With 
these  cards,  the  GTO  switch  has  successfully  switched  a 
half-sine  current  pulse  of  6000  amperes  with  a  base  width 
of  12  microseconds.  Further  study  will  be  done  on 
improving  the  reliability  of  the  drive  and  finding  a 
suitable  interlock  mechanism. 
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Abstract 

In  Synchrotron  Radiation  Research  Center  (SRRC)  more 
than  ninety  linear  power  supplies  with  100  ppm  long-term 
stability  are  served  for  correction  magnets.  To  increase 
the  well-known  efficiency  problem  of  linear  power 
supply,  inside  a  customer-made  bipolar  linear  power 
supply  a  homemade  pre-regulator  circuitry  is  in  series  in 
front  of  power  stage.  By  using  constant  VDS  controlled 
pre-regulator,  the  power  consumption  of  linear  power 
supply  itself  could  be  reduced  and  the  efficiency  changes 
with  respect  to  the  output  power.  On  the  other  hand,  with 
constant  RDS  controlled  pre-regulator,  the  efficiency  is 
even  higher  and  is  the  ratio  of  load  resistance  and  RDS. 
Design  and  performance  of  the  pre-regulator  circuitry  will 
be  demonstrated. 

1  INTRODUCTION 

Low  efficiency  is  the  drawback  of  linear  mode  power 
supply,  most  of  power  is  dissipated  at  power  device  and 
transformer.  A  lot  of  correction  magnet  power  supplies 
used  at  Synchrotron  Radiation  Research  Center  (SRRC) 
are  linear  mode  power  supplies.  The  efficiency  of  power 
stage  of  these  power  supplies  is  below  50%  and  it  could 
be  lower  than  30%  if  transformer  is  included. 

A  pre-regulator  in  series  in  front  of  power  stage  of  linear 
mode  power  supply  could  keep  voltage  drop  on  power 
device  a  small  value  and  decrease  power  dissipation  such 
that  the  efficiency  of  power  supply  is  increased.  There  are 
different  types  of  pre-regulator,  for  example,  SCR 

type[l]D variable  transformer^] .  In  this  experiment  a 

programmable  HP6032a  DC  power  supply  is  used  as  a 
pre-regulator  for  linear  mode  bipolar  correction  power 
supply  of  SRRC.  Two  kinds  of  control  strategy  will  be 
used  to  control  the  output  of  HP6032a  and  the  efficiency 
of  power  stage  can  be  figured  out  both  in  calculation  and 
measurement.  In  the  final  design,  VICOR 
V375A24C600A[3]  programmable  DC-DC  converter  is 
inserted  as  a  pre-regulator  controlled  by  suitable  control 
strategy  and  the  efficiency  will  be  demonstrated. 

2  CONTROL STRATEGY 

The  main  goal  of  pre-regulator  is  to  decrease  the  voltage 
drop  on  power  device  and  keep  power  device  on  normal 
operation,  that  needs  a  good  control  strategy. 
Conventionally,  the  parameter  to  be  controlled  is  the  Vds 


of  MOSFET,  the  output  of  pre-regulator  will  change  with 
respect  to  the  output  of  power  supply  and  keep  VDs  of 
MOSFET  a  constant  value;  the  power  device  of  correction 
magnet  power  supply  used  at  SRRC  is  IRFH6H250 
MOSFET,  VDS  of  this  MOSFET  should  be  at  least  0.6V 
to  let  power  supply  operate  normally  at  maximum  20 
amperes  output.  VDs  is  decreased  when  output  current  of 
power  supply  is  increased  then  the  output  voltage  of  pre¬ 
regulator  should  increase  to  keep  VDS  constant.  If  output 
current  of  power  supply  is  decreased  then  the  output 
voltage  of  pre-regulator  should  also  decrease;  under  this 
kind  of  control  strategy  there  is  a  minimum  value  of 
equivalent  resistance  RDS  of  MOSFET  when  output 
current  of  power  supply  is  maximum;  that  is  to  say,  the 
efficiency  of  power  stage  is  dependent  on  output  current 
of  power  supply. 

If  the  minimum  RDS  of  MOSFET  is  the  parameter  of 
control  strategy,  the  efficiency  of  power  stage  is  a  ratio  of 
Rds  and  resistance  of  load  and  is  independent  of  output 
current  of  power  supply.  Based  on  above  argument, 
control  strategy  of  keeping  constant  RDS  is  better  than 
keeping  constant  VDS.  The  efficiency  of  power  stage  in 
series  of  pre-regulator  with  these  two  kind  of  control 
strategy  will  be  discussed,  one  pre-regulator  is  called 
constant  VDS  pre-regulator  and  the  other  is  constant  RDS 
pre-regulator. 

3  EFFICIENCY  OF  POWER  STAGE 
WITHOUT  A  PRE-REGULATOR 

If  the  rectified  voltage  of  linear  mode  power  supply  is 
Vdcbus,  Rload  is  the  resistance  of  magnet  load  and  iD  is 
the  output  current,  then  VDS  of  MOSFET  is  : 

VDS  =  Vdcbus  -  iD  *  Rload 
Efficiency  of  power  stage  is  : 

io2  *  Rload  /  ( iD  *  Vdcbus  ) 

=>  iD  *  Rload  /  Vdcbus  (1) 

From  (1),  the  relationship  between  efficiency  of  power 
stage  and  output  current  is  linear,  the  more  output  current 
the  more  efficiency;  the  Vdcbus  of  correction  magnet 
power  supply  used  at  SRRC  is  24  volts  and  Rload  is 
0.49590,  then  the  relationship  becomes: 

iD*  0.49590  /24V  (2) 

Figure  1  is  the  plot  of  efficiency  versus  output  current, 
efficiency  is  below  50  %  within  0  ~  20  amperes,  it  shows 
more  than  50  %  of  energy  is  dissipated  at  MOSFET.  The 
difference  between  equation  (2)  and  figure  1  is  because  the 
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variation  of  Vdcbus  influenced  by  output  current  and 
resistance  of  transformer. 


4  EFFICIENCY  OF  POWER  STAGE 
WITH  A  PRE-REGULATOR 


in  real  design,  vDS  is  set  to  0.614  volt,  so  (5)  becomes: 
iD*0.4959Q/(iD*0.4959Q+0.614V)  (6) 

Figure  3  is  the  plot  of  efficiency  versus  output  current, 
and  it  follows  equation  (6)  very  well.  Benefit  gained  from 
a  constant  VDS  pre-regulator  is  obvious,  efficiency  of 
power  stage  is  increased  very  much. 


In  the  beginning  of  experiment,  there  isn’t  a  real  pre¬ 
regulator  in  the  test  setup.  HP6032a  is  an  analog 
programmable  power  supply,  it’s  function  just  could  be 
used  a  pre-regulator  and  figure  2a  is  the  test  setup.  The 
main  goal  is  to  know  how  much  efficiency  of  power  stage 
in  series  with  a  pre-regulator  controlled  by  two  kind  of 
control  strategy  could  be  reached  and  then  to  choose  a 
better  control  strategy,  figure  2b  is  the  circuitry  of  control 
strategy. 


Figure  2  (a)  test  structure  setup  (b)  circuitry  of  control 
strategy 

4.1  Efficiency  of  power  stage  in  series  with  a 
constant  Vds  pre-regulator 

At  this  control  mode,  MOSFET  is  operated  in  linear 
range  and  the  relationship  between  iD  and  vDS  is  as  follow: 

io  =  K[  2(vGs  —  Vt)  Vds  ■  vds2] 
because  vDs  is  very  small,  so  vDS2  is  neglected, 

io  =  2K(vqs  —  Vt)  Vds  (3) 

Rds  =  Vds  /  Id  =  2K(vGs  —  Vt)  (4) 

Equation  of  efficiency  is: 

iD2  *  Rload  /  ( iD  *  Vdcbus ) 
because  Vdcbus  =  iD  *  Rload  +  vDs 
so  equation  of  efficiency  becomes: 

iD2  *  Rload  /  ( iD2  *  Rload  +  iD  *  vDs ) 

=>  iD  *  Rload  /  ( iD  *  Rload  +  vDs )  (5) 


Figure  4  is  the  plot  of  variation  of  vDs  within  0  -  20 
amperes  output  of  power  supply,  it  shows  the  variation  of 
vDs  is  very  small  and  the  function  of  control  circuit  of 
constant  VDs  pre-regulator  is  suitable. 


4.2  Efficiency  of  power  stage  in  series  with  a 
constant  Rds  pre-regulator 

Correction  magnet  power  supply  used  in  SRRC  is  a 
programmable  current  mode  power  supply  so  that  output 
current  iD  is  programmed  by  command  icommand.  then 

lD  00  ^command 

if  vDs  is  also  programmed  by  icommand 

then  Vds  x  icommand 

and  vds  ^  b 

let  vDs  =  R*b 

Rds  =  Vds  /  b  =  R*b  /  b  =  R  (7) 

Based  on  the  control  strategy,  RDs  could  be  controlled  to 
be  a  value  as  wish  no  matter  what  output  current  is; 
efficiency  could  be  expressed  as  follow: 

iD2*Rload  /  ( iD2*Rload  +  iD2*  R ) 

=>  Rload /(Rload  +  R)  (8) 

Under  control  strategy  of  constant  RDs,  efficiency  is 
constant  and  independent  on  output  current  of  power 
supply;  the  constant  value  R  could  be  derived  from 
parameter  of  constant  VDs  pre-regulator,  VDs  is  set  to 
0.614  volt  so  that  minimum  equivalent  RDs  is  0. 030712  ( 
0.614  volt  /  20  amperes)  and  this  value  is  controlled  by 
constant  RDs  control  strategy;  efficiency  might  be 
calculated  as  below: 

0.4959£2/(  0.495912  +  0.030712  )=  0.942 
Figure  5  is  the  plot  of  efficiency  of  power  stage  versus 
output  current  of  power  supply  and  the  efficiency  is 
almost  constant. 
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Figure  5 


Benefit  gained  from  constant  RDS  control  strategy  is 
more  than  constant  VDS  control  strategy;  figure  6a  is  the 
plot  of  variation  of  VDS  versus  output  current  of  power 
supply,  figure  6b  is  the  plot  of  variation  of  RDS  versus 
output  current  of  power  supply  and  it  is  obvious  RDS  is 
controlled  very  well. 


Figure  6  (a)  VDS  vs.  output  current  (b)  RDS  vs.  output 
current 

5  EFFICIENCY  OF  FINAL 
DESIGN  CIRCUIT 

Although  HP6032a  is  used  as  a  pre-regulator  to  test  two 
kind  of  control  strategy  circuits  and  performance  of  these 
two  circuits  are  good,  but  a  real  pre-regulator  is  still 
needed  in  real  application.  VICOR  V375A24C600A  is  a 
compact  and  high  efficiency  600  watts  2.4  -  24  volts 
output  programmable  DC-DC  converter,  it  is  suitable  to 
be  used  as  a  pre-regulator.  Control  circuit  used  for  this 
module  is  constant  RDS  control  strategy  because  more 
efficiency  could  be  gained.  Figure  7  is  the  final  structure 
of  power  supply. 


Figure  7 

Figure  8  is  the  plot  of  efficiency  of  power  stage  versus 
output  current  of  power  supply,  efficiency  is  not  constant 
in  low  output  current  range  because  output  voltage  of 
VICOR  V375A24C600A  can  not  function  below  2.4 
volts,  but  normal  operation  output  current  of  most  of 


correction  magnet  power  supply  are  larger  than  3  amperes 
so  that  high  efficiency  is  still  gained. 


Figure  8 


6  CONCLUSION 

Efficiency  of  correction  magnet  power  supply  used  at 
SRRC  is  improved  by  insertion  of  a  pre-regulator  in  series 
in  front  of  power  stage,  constant  RDS  control  strategy  is  a 
better  choice  for  the  control  of  pre-regulator  than  constant 
VDS  control  strategy  that  could  save  more  power  and 
efficiency  is  just  the  ratio  of  load  resistance  and  RDS.  It  is 
not  very  much  suitable  for  VICOR  V375A24C600A  to  be 
a  pre-regulator  because  it  can’t  operate  below  2.5  volts. 
But  efficiency  is  higher  than  90%  in  normal  operation  of 
correction  magnet  power  supply  when  output  current 
above  3  amperes. 
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February  23,  2000 

DTIC 

8725  John  J  Kingman  Road 
Ste.  0944 

Ft.  Belvoir,  VA  22060-62 18 
Dear  Sir, 

The  1999  Particle  Accelerator  Conference  (PAC99)  took  place  on  March  29  - 
April  2,  1999  at  the  New  York  Marriott  Marquis.  We  had  approximately 
1,195  registrants,  76  invited  speakers  and  1,528  abstracts  covering  all  aspects 
of  accelerator  science,  technology  and  applications.  Among  the  registrants, 
approximately  2/3  were  from  the  United  States,  1/3  from  abroad  -  truly  an 
international  conference  in  its  scope  and  participation.  Concurrent  with  the 
conference,  there  were  40  industrial  firms  participating  in  the  exhibition. 

The  proceedings  of  PAC99  were  published  and  distributed  in  November  1999. 
Total  published  papers  are  1,223  which  are  published  in  a  5  volume  set  with 
the  total  pages  numbering  3,779. 

The  total  amount  of  the  ONR  grant  of  $10,000.00  was  all  used  in  the  support 
of  the  expense  of  junior  staff,  graduate  students,  and  scientists  from  the 
developing  nations  and  former  Soviet  Union. 

As  requested  form  SF298  is  enclosed,  and  shipped  separately  is  one  set  of  the 
PAC  ‘99  proceedings. 

I  would  like  to  express  my  sincere  thanks  to  ONR  for  its  support  to  PAC99 
which  is  a  very  effective  vehicle  for  the  development  and  communication  in 
the  accelerator  profession. 

Sincerely  yours. 
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